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Abstract

The current study's goal is to use a green synthesis approach in developing some biosorbents for lanthanum
(La(II)) recovery from its aquatic media. Chitin (SW-Chitin) was extracted from industrial waste (shrimp waste,
SW) by demineralization followed by deproteination reactions. The obtained chitin (SW-Chitin) product was
converted to chitosan (SWC) by a deacetylation reaction. The purified chitosan product (PSWC) was modified
with epichlorohydrin (ep) in two reaction steps to produce a chitosan-epichlorohydrin polymer (PSWCl/ep-Cl).
The former product (chitosan-epichlorohydrin polymer, PSWC/ep-Cl) was modified with N,N'-bis(2-
aminoethyl)ethane-1,2-diamine, and chloroacetic acid to produce a poly nitrogen biosorbent (PSWC/ep/T-amine)
and poly oxygen/nitrogen biosorbent (SWCh/ep/T-amine/PCOOH), respectively. The complexing functionalities
of the chitosan backbone have been improved by these moieties (multidentate nitrogen and oxygen donor
moieties) to improve the loading capacity, selectivity, and kinetics. The SEM/EDX analysis show that
PSWC/EP/T-amine, and PSWC/EP/T-amine/P-COOH mainly composed of nitrogen, and oxygen, hydrogen and
carbon. The TGA analysis of PSWC/EP/T-amine, and PSWC/EP/T-amine/P-COOH revealed many periods of
mass losses. Also, the dTG (%/min) of PSWC/EP/T-amine and PSWC/EP/T-amine/P-COOH biosorbents contain
multiple endothermic peaks. All endothermic peaks in the dTG curves are related to thermal decomposition of
PSWC/EP/T-amine and PSWC/EP/T-amine/P-COOH adsorbents. The affinity of SWCh/ep/T-amine and
SWCh/ep/T-amine/PCOOH for lanthanum (III) ions was investigated using batch technique. The maximum
uptake of lanthanum ions by SWCh/ep/T-amine and SWCh/ep/T-amine/PCOOH was achieved at pH 7 and 328K
were 98.2 and 129.6 mg/g, respectively. The results refers to a chemisorption reaction of lanthanum ions with the
PSWC/EP/T-amine and PSWC/EP/T-amine/P-COOH adsorbents controlled intraparticle diffusion mechanism.
The isotherm and thermodynamic evaluation refers to spontaneous, endothermic, monolayer adsorption of
lanthanum ions on the PSWC/EP/T-amine and PSWC/EP/T-amine/P-COOH adsorbents.
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monazite, allanite, and bastnésite [1-3]. Lanthanum is
the 2%h most abundant element in the Earth's crust,
over three times more abundant than lead. Monazite
1. Introduction is a rare phosphate mineral with the general formula
of (Ce, La, Nd, Th)(PO4,Si0s). In the structure of the

Lanthanum is a rare earth element commonly found monazite mineral, cerium (Ce), lanthanum (La),
in conjunction with cerium and other rare earth neodymium (Nd), and thorium (Th) may all replace

elements in rare-earth minerals such as cerite, one another, and silica (Si) can also replace
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phosphate (POs) [4,5]. Also, secondary sources of
lanthanum (In-use stocks such as catalysts and
magnets in automobiles and wind turbine) have
attracted more attention due to their dramatically
increasing number of applications and significant
growth in global consumption [3-6]. Naturally
occurring lanthanum contains two isotopes, '*La
(99.910% of natural lanthanum) and '**La (0.088%).
In chemical reactions, lanthanum loses its valence
electrons to produce the +3 oxidation state [2, 5].
Lanthanum possesses the lanthanides' biggest atomic
radius. As a result, it is the most reactive, it may form
binary compounds with nonmetals such as carbon,
nitrogen, phosphorus, sulphur, and selenium.
Lanthanum has restricted coordination chemistry due
to the large ionic radius and high electropositivity of
its ions. The most common donor atom in lanthanum
complexes is oxygen, (usually ionic and having high
coordination numbers, 6 to 12) [4-6]. Lanthanum is a
key constituent in the development of the high-tech
industry, including high-tech devices, batteries,
alloys, catalysts, medial, semiconductors, and
ceramics industries [2, 7]. As these industry sectors
are growing, the global consumption of lanthanum is
going to increase dramatically while the supply is
diminishing. Also, effluents from these applications
are often associated with high concentrations of
lanthanum. Therefore, there is scope for extracting
lanthanum from its sources as well as from its
application effluents. The separation of lanthanum
from its sources is a difficult procedure because of its
low concentration and the usually complex nature of
the host sources. Moreover, REEs have similar
physiochemical properties, which makes the
individual separation of lanthanum them very
challenging. Solid phase extraction (or solid—liquid
extraction) is an excellent technique for the
separation and preconcentration of different
adsorbates (ions or molecules) from various
geological and water systems. Solid phase extraction
is dependent on the transfer of soluble components
from the aqueous phase to the active sites of the
adsorbent which is controlled by the type and
sensitivity of active groups, their pH sensitivity, the
degree of their ionization, and the backbone structure.
The metal, after sorption on the solid phase, is
desorbed with a suitable eluate and thus recovered.
Solid phase extraction affords a broader range of
application than solvent extraction due to the large
choice of solid adsorbents. Among the different
separation and purification techniques, the separation
and extraction of lanthanum using biosorbents is
heavily relied upon due to several advantages such as
efficiency, simplicity, selectivity, eco-friendliness,
and economy, especially for the effluent treatment
and recovery of lanthanum. Recently, natural
biosorbents, such as lignin, chitosan, cellulose, and

Egypt. J. Chem. 66, No.SI 13. (2023)

alginate-based adsorbents, have been proposed as
efficient materials for recovering rare earth elements
and other metals from their sources [8-11]. Almost
half or more of the mass of shrimp is wasted during
processing in the shrimp industry. This waste product
contains Ca3(POs),;, CaCOs, protein and chitin
[11,12]. So, by removing Ca3(POs),, CaCO;, and
protein content, chitin is obtained [11,12]. Chitin is
transform into chitosan by de-acetylation reaction
(partial or complete removing of acetyl groups from
the chitin molecule). Chitosan has enhanced
characteristics and attracted growing economic
attention than chitin because of its biocompatibility,
solubility, and availability of modification methods
with various ligands [12]. Different chitosan-based
biosorbents were synthesized and used in lanthanum
(II) ion adsorption. Adsorption of La(Ill) from
aqueous solutions has been investigated in batch and
continuous modes using  chitosan-poly(vinyl
alcohol)-3-mercaptopropyltrimethoxysilane
adsorbent [14]. The optimum pH for La(Ill)
adsorption was found to be pH 5. The synthesized
polyethylene imine chitosan adsorbents showed
selective adsorption affinities for La(III) from Al(III)
in the pH range of 1-3.5 [15]. Modified mesoporous
silica/chitosan adsorbents were synthesized for
La(III), Sc(IlI), and Y(III) separation from single and
multi-component acidic solutions (pH 3) [16].
Acrylo-thiourea-chitosan adsorbents showed
adsorption behaviors for lanthanum (III) from
aqueous chloride medium with a maximum uptake
capacity of 2.1 mmol/g [17]. A manganese dioxide-
formaldehyde-chitosan nanocomposite has been
synthesized to remove lanthanum ions from water
(pH 6) with a capacity value of 1050 pmol/g at pH 6
[18]. The current study's goal is to develop some
biosorbents for lanthanum (La(IlI)) biosorption and
recovery from its aquatic media. The biosorbents
were modified with different multidentate nitrogen
and oxygen donor coordinating ligands. The affinity
of biosorbents for lanthanum (III) ions from synthetic
and leach liquor was investigated and discussed.

2. Experimental

2.1. Chemicals

The used shrimp waste (from a local fishing market)
was used as the base material for adsorbent synthesis.
Nitric acid, hydrochloric acid, acetic acids, sodium
hydroxide, ethanol, N,N-dimethylformamide,
epichlorohydrin (EP), N,N'-bis(2-aminoethyl)ethane-
1,2-diamine (T-amine), and lanthanum nitrate
hexahydrate were Sigma-Aldrich chemicals. Water
(double distilled) was used to make all of the
solutions that were employed in this investigation. A
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0.01 M solution of NaOH and HCI was used to
solution accuracy pH adjustment. The initial and final
concentration (C; and Cc) of lanthanum (III) ions was
determined using Arsenazo III (Arz IIT) method, with
absorbance measured spectrophotometrically at A =
650 nm) [19].

2.2. Synthesis of SWCh/ep/T-amine and SWCh/ep/T-
amine/PCOOH Biosorbents

100 g of SW was stirred in al000 mL 2M HCI (solid:
liquid = 1:10) for 24 h, after which the suspension
was irradiated in a microwave. The solid residue was
washed with distilled water, and dried at 80°C. The
demineralized product obtained (DMSW) was added
to 1000 ml NaOH (10 %), (solid: liquid = 1:10) and
stirred overnight. The suspension of DMSW was
irradiated in a microwave. The residue was filtered
(SW-Chitin) and washed with water, and dried at
80°C to give chitin product (SW-Chitin). The chitin
product (SW-Chitin) was added and stirred in 1000
ml NaOH (60 %), (solid: liquid = 1: 15) overnight.
The suspended SW-Chitin was irradiated in a
microwave. The solid residue was washed, and dried
at 80°C to give chitosan product (SWC). The chitosan
product (SWC) was dissolved in acetic acid (2%),
stirring at room temperature, and 24 h until the
complete dissolution or clear solution was obtained).
In 1 L of NaOH (2M) containing 10% ethyl alcohol,
the SWC was subsequently precipitated. Filtered
chitosan gel was thoroughly cleaned to a pH of about
7 to obtain purified chitosan (PSWC). The purified
chitosan (PSWC) was stirred in NaOH solution
(pH=10, 298K, 120 min). 2-Propanol was added to
the PSWC solution and then the PSWC solution was
stirred for 30 min. Under stirring, epichlorohydrin
(EP, 35 mL) was added dropwise (over 35 min) to the
PSWC/2-propanol  solution. The  PSWC/2-
propanol/EP  solution was irradiated in the
microwave. The residue (chitosan-epichlorohydrin
polymer, PSWC/EP) was filtered from the PSWC/2-
propanol/EP solution and then the PSWC/EP was
washed with H,O, dill NaOH, dill HCI, and HO,
respectively, and dried at 80°C. The product obtained
(PSWC/EP) was stirred in isopropanol alcohol (75
mL, 298K, 15 min), and then epichlorohydrin and
acetone solution were added to the
PSWC/EP/isopropanol alcohol mixture. After 60 min
of stirring, the PSWCl/ep/isopropanol alcohol mixture
was irradiated in microwave, and the residue
(chitosan-epichlorohydrin-Cl polymer, PSWC/EP-CI)
was filtered off. Wash the PSWC/ep-Cl with H,O,
and then dried it at 353 K. The chitosan-
epichlorohydrin-Cl  product, PSWC/EP-Cl, was
added to ethanol solution (100 ml, 1:1) and then the
PSWC/EP-CI /ethanol solution was stirred for 35
min. Under stirring, N,N'-bis(2-aminoethyl)ethane-

Egypt. J. Chem. 66, No. SI 13 (2023)

1,2-diamine (T-amine, 75 mL) was added dropwise
(over 40 min) to the PSWC/ep-Cl /ethanol solution.
The PSWC/EP-CI /ethanol/T-amine solution was
irradiated in the microwave. The residue was filtered
off and washed with H,O, and dried (353 K) to give
amine chitosan polymer (PSWC/EP/T-amine). The
PSWCl/ep/T-amine product was added to isopropyl
alcohol (100 mL) and then the PSWC/ep/T-
amine/isopropyl solution was stirred for 120 min.
Under stirring, NaOH was added dropwise (over 35
min) to the PSWC/ep/T-amine/isopropyl solution
followed by the drop wise addition of chloro-
acetic/isopropyl  alcohol  solution (1:1). The
PSWC/ep/T-amine/isopropyl/chloro-acetic  solution
was irradiated in the microwave for 10 minutes (five
times). The solid residue (PSWC/EP/T-amine/P-
COOH) was washed, and dried, 353 K.

2.3. Biosorption of Lanthanum (111) lons on the
PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH Biosorbents

Adsorption experiments of La(IIl) under controlled
pH were achieved by adding 25.0 mg of PSWC/ep,
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH adsorbents in a series of flasks. In each flask,
50.0 mL solution of 200.0 mg/L of La(Ill) (pH 1 - 7)
were added. The suspended PSWC/ep, PSWC/ep/T-
amine and PSWC/ep/T-amine/P-COOH adsorbents
into La(III) solution were stirred (200 rpm) for 4.0 h
at room temperature. After equilibration, PSWC/EP,
PSWC/EP/T-amine  and = PSWC/EP/T-amine/P-
COOH loaded with La(IIl) were removed from the
adsorption medium, and the final (or remaining)
La(III) concentration was determined
spectrophotometrically. The adsorption capacity of
PSWC/EP, PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH (mg/g) and their efficiency (%) were
computed from the equations 1 and 2, respectively
[20].

Ci—Ce

de (M8/8) = Sopontweight o
Ci—Ce

der (%) = 100 X o s @

Where q. (mg/g) and qer (%) are the adsorption
capacities and efficiency at equilibrium, respectively.
Ci, Ce, and V are the initial and final concentrations
(mg/L) of La(Ill), and the volume (L) of the solution,
respectively. The amount of La(IIl) adsorbed at
different time periods was obtained by stirring 25.0g
of PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH in a 50.0 ml 200 mg/L of La(III) solution (pH
7). The contents of the adsorption system were
shaken (200 rpm) at 298 K for the required time
period. The final concentration of lanthanum(III) ion
was measured after equilibration. Adsorption
isotherms of La(Ill) on PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH  were obtained by
stirring  25.0 mg of PSWC/EP/T-amine and
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PSWC/EP/T-amine/P-COOH in La(IIl) solution (50
mL at pH 7) with different initial concentrations of
La(IIl). The contents of the flasks were equilibrated
on the shaker at 200 rpm while keeping the
temperature at 298, 308, 318 and 328K for 2 h. After
equilibration, the residual concentrations of La(Ill)
were determined. The solid/liquid ratio was tested
using different doses of the PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH into the adsorption
La(IIT) solution, while keeping other optimize
condition constant.

3. Results and Discussion

3.1. Synthesis and Characterization of the
PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH Adsorbents

A shrimp chitosan product was obtained from shrimp
waste in three main steps using a green synthesis
approach. The various characteristics of SW, SW-
chitin, PSWC, PSWC/EP, PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH  biosorbents  were
determined. Chitin recovered from SW had a yield of
21.9%. The moisture content of PSWC/EP,
PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH is 8.96, 9.35, and 8.87, respectively. Figure 1
shows the object's FT-IR spectrum of PSWC,
PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH. The spectrum of PSWC contains bands at
wavenumbers of (cm™) of 3442 (OH and NH
vibrations), 3276 (moisture content, OH and NH»
bonds), 3109 (stretching NH symmetric), 2923 and
2852 (CH and CH> groups), 1660 and 1629 (C-N and
C=C bonds), 1564, 1419 and 1337 (C-O, C-N, N-H
and CH; bonds), 1315 (C-N bond), 1257 (NH bond),
1151 (C-OH, C-O and C-O-C bonds of the chitosan
ring), 1074, and 1024 (C-C, C-O, O-CH, and C-O-H
bonds of chitosan ring). Also, the PSWC spectra
contains bands at wavenumbers of (cm™) 742, 700
and 590 related to vibrational (bending) of C-C and
C=C bonds of chitosan (PSWC) [21, 22]. The spectra
of PSWC/EP/T-amine  contains  bands  at
wavenumbers of (cm™) 3357.60 cm™ (OH and NH),
3284.32 (moisture content, OH and NH; bonds),
2892.82 and 2879.32 (CH), (CH,), 2208.19 and
2050.05 (C-N), 1647 (C=C), 1637.34 and 1560.20
(C-N and NH> bond), and at 1456.05 (C-H bending).
Also, the spectrum of PSWC/EP/T-amine contains
bands at wavenumbers of (cm™) 1373.13, 1313.34
and 1247.77 (methylene, OH bending and C-N
stretching), 1024.06 (aliphatic NH and NH,), 630.64,
595.43 and 561.21 (C-C, C-N, and C=C) [21, 22].
The spectra of PSWC/EP/T-amine/P-COOH contains
bands wavenumbers of (cm™) 3259 (OH and NH),
2937 (CH>), 2892 and 2634 (CH), 1727 (non-ionized
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COOH), 1627 (C=0 from COOH), 1413 and 1376
(CH>=CHa), 1222 ¢cm™ (C-O of from COOH), 1058
(C-O of C-OH and C-N vibrations), 898 (C=CH,),
and 784, 657 and 620 (C=0 and C=C) [21,22]. Also,
the spectra of PSWC/EP/T-amine/P-COOH contains
bands at 578, 559, 464, 443 and 418 (C-O, C-C and
C-N).

———PSWC
33 F PSWC/EP/T-amine
———— PSWC/EP/T-amine/P-COOH

15

4000 3400 2800 2200 1600 . 1000 400
Wavenumbers (cm?)

Fig. 1. FTIR spectra of PSWC, PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH adsorbents

SEM/EDX analysis (from Scanning Electronic
Microscope/Energy Dispersive X-ray Spectrometer)
was used to analyze the surface characteristics of
PSWC, PSWC/EP, PSWC/EP/T-amine, and
PSWC/EP/T-amine/P-COOH. The sorption of
lanthanum ions cause a change in the surface
appearance of the PSWC/EP/T-amine, and
PSWC/EP/T-amine/P-COOH surface. The
SEM/EDX analysis show that PSWC/EP/T-amine,
and PSWC/EP/T-amine/P-COOH mainly composed
of nitrogen, and oxygen, hydrogen and carbon. (Fig.
2). SW, PSWC, PSWC/EP/T-amine, and
PSWC/EP/T-amine/P-COOH had surface areas of
51.53, 12.71, 43.59, and 23.91 m?/g, respectively.

PSWC/EP-CI

PSWC/EP/T-amine/P-COOH

Chitosan, PSWC

PSWC/EP/T-amine

8 ne o a
i W 11 AR
[ [E TR T PR T R T AT s s e "

Fig. 2. EDX analysis of PSWC, PSWC/EP-Cl,
PSWC/EP/T-amine, and PSWC/EP/T-amine/P-COOH
biosorbents

Thermogravimetric analysis (TGA) is one of the
crucial thermal analytical methods used to examine
the thermal stability of polymers [23, 24]. TGA
shows the relationship between weight losses and
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temperature. The TGA analysis of PSWC/EP/T-
amine, and PSWC/EP/T-amine/P-COOH revealed
many periods of mass losses. Also, the dTG (%/min)
of PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH biosorbents contain multiple endothermic
peaks. All endothermic peaks in the dTG curves are
related to thermal decomposition of PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH adsorbents.

3.2. Effect of Solution pH

The acidity of the solution is one of the most
significant factors affecting lanthanum adsorption on
of PSWC/EP, PSWC/EP/T-amine, and PSWC/EP/T-
amine/P-COOH adsorbents. The pH controls the
surface charge of the PSWC/EP, PSWC/EP/T-amine,
and PSWC/EP/T-amine/P-COOH and influences the
lanthanum speciation. The affinity of PSWC/EP,
PSWC/EP/T-amine, and PSWC/EP/T-amine/P-
COOH for lanthanum III) ions was investigated using
batch technique. Fig. 3 shows the effect of medium
pH on the lanthanum adsorption by PSWC/EP,
PSWC/EP/T-amine, and PSWC/EP/T-amine/P-
COOH adsorbents. The uptake of lanthanum(III) ions
by PSWC/EP, PSWC/EP/T-amine, and PSWC/EP/T-
amine/P-COOH was very low at pH < 1, and it
increased with the increase of pH till reached
maximum value at the limit at pH 7.0, for both
adsorbents. The maximum uptake of lanthanum ions
by PSWC/EP, PSWC/EP/T-amine, and PSWC/EP/T-
amine/P-COOH achieved at pH 7.0 were 57.4, 73.8
and 101.4 mg/g, respectively. At very low pH,
lanthanum species cannot bind the adsorbent surface
because of electrostatic repulsion with the protonated
adsorbent surface. This behavior resulted in a low
lanthanum uptake at low pH values. Also, the H" ion
from the adsorption medium) compete with
lanthanum species for the adsorbent binding groups.
Additionally, the larger ionic radius of lanthanum
species makes their adsorption difficult. With
increasing pH; the ability of the biosorbents to
protonate weakens (amino groups deprotonate),
carboxylate groups mostly occur as COO- anions
(ionized) and consequently increasing
La(III)/biosorbents interaction (increasing
adsorption) [25].
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Fig. 3. Effect of solution pH on uptake of lanthanum ions
PSWC/EP, PSWC/EP/T-amine, and PSWC/EP/T-amine/P-
COOH

In addition, the distribution of lanthanum ion species
may play an important role in the adsorption process.
At pH 1-3 and 3-8, the main species of La(Ill) are
Las(OH)¢®" and La**, respectively. La>" species are
more easily adsorbed on the sorbent than Las(OH)e®*
As a result, increasing pH improves La(Ill) uptake
capacity by increasing the availability of La3+
(relatively smaller ionic radius) rather than
Las(OH)o®" (relatively larger ionic radius).This
behavior results in enhanced separation of lanthanum
at higher pH values. So, the pH was optimized at 7,
which was used in the following experiments.

3.3. Effect of Contact Time

The contact time is another performance governing
factor in adsorption process, as contact time can
influence the economic efficiency and kinetics of the
adsorption  process. Therefore, the sorption
experiments were carried out by stirring the
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH biosorbents into the lanthanum solutions (200
mg/L) for the required time period. The remaining
La(Ill)  concentrations was analyzed after
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH adsorbents filtration. Figure 4 depicts the
amount of La (III) ions adsorbed into PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH vs time.
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Fig. 4. Effect of time on lanthanum adsorption by
PSWC/EP/T-amine and PSWC/EP/T-amine/P-COOH.

It is obvious that, the adsorbed lanthanum(IIl) ions
into PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH rose monotonically till it arrive the plateau at
150 minutes. About 25.88 and 29.23% of the total
adsorbed lanthanum ions were adsorbed in less than
10 minutes by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH, respectively. This Initial fast kinetic
rate is related to the higher initially unoccupied active
sites of PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH and also due to greater ratio of
lanthanum ions to the active sites of PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH. With time,
the unoccupied active sites of PSWC/EP/T-amine
and PSWC/EP/T-amine/P-COOH and the ratio of
lanthanum ions to the active sites of PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH decreased,
which lowers the amount of lanthanum adsorption.
About 74.25 and 71.51% of the total adsorbed
lanthanum ions (73.8 and 101.4 mg/g) were adsorbed
in less than 45 minutes by PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH, respectively.

3.4. Adsorption Kinetics

The design the adsorbent depend heavily on the rates
of adsorption since sorption process is a time-
dependent process. Kinetic models are used to assess
the experimental data in order to predict the
mechanism of the adsorption process. The kinetic
studies shed light on the non-equilibrium steps of the
sorption mechanism and the rate at which the process
takes place. The kinetic evaluation was studied to
explain the rate at which La(Ill) is adsorbing onto
PSWC/EP/T-amine  and = PSWC/EP/T-amine/P-
COOH. Kinetic evaluation has been described by a
number of adsorption kinetic models. The rate and
order of the adsorption reactions are often explained
by two widely used kinetic models, pseudo-first-
order (Eq. 3) and pseudo-second-order (Eq. 4).
Pseudo-first order reactions are those that are not
first-order but have the appearance of being first-
order because one or more of the reactants are present
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at higher concentrations (However, because the total
variation in its concentration is so little, it is regarded
as constant) than the others. Consequently, the
concentration of the adsorbate is used to indicate the
rate of the adsorption process. The pseudo-first-order
order kinetic model was used to analyze the current
adsorption data using equation (6) [26].

log (qe — qu) = logQ, — mkﬂ 3
where q (mg/g), Qi (mg/g), and k; (min!) represents
adsorption capacity at time (t), pseudo first
adsorption capacity, and the pseudo first rate
constant of the adsorption process, respectively. For
pseudo-first-order order kinetic model, plotting the
values of log (qe-qi) versus corresponding contact
time (t) should gave a straight lines with slop and
intercept equals the values of (-k;/2.303) and (log
Qi), respectively. According to pseudo-first-order
order kinetic plots (Fig. S1, Supplementary file),
plotting the values of log (q.-q;) versus corresponding
contact time (t) gave a straight lines with slope and
intercept equals the -0.0105 and 1.7958 for
lanthanum adsorption PSWC/EP/T-amine, and -
0.0113 and 1.9583 for lanthanum adsorption by
PSWC/EP/T-amine/P-COOH,  respectively.  The
values of Q; (mg/g), and k; (min™') were calculated
form these values and were represented in Table 1.
The inconsistency of the values of q. (73.8 and 101.4
mg/g) with the value of Q; (62.49 and 90.85 mg/g)
for lanthanum adsorption on both PSWC/EP/T-amine
and PSWC/EP/T-amine/P-COOH,  refers to
unsuitability of the pseudo-first-order order kinetic
model to describe the studied adsorption process.
Also, the small value of R? (< 0.995) of this kinetic
models confirms this hypothesis. The pseudo-second-
order kinetic equation (Eq. 4) is used to analyze the
mechanism of lanthanum adsorption by PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH. When the
rate-determining step is seen as a chemisorption of
the adsorbent on the adsorbate (chemisorption
processes), the pseudo-second-order kinetic model
offers the best correlation adsorption mechanism of
the experimental adsorption data. The pseudo-
second-order kinetic model predicts behavior across
the whole adsorption range and is dependent on the
presumption that chemical sorption or chemisorption
is the rate-limiting phase. Adsorption rate in this
situation is determined by adsorption capacity rather
than adsorbate concentration. The theoretical
equilibrium adsorption capacity can be predicted
from the model, which is a significant benefit of this
model over pseudo-first-order kinetic model. Pseudo-
second-order kinetic equation (Eq. 4) was used to
analyze the mechanism of sorption and possible rate-

controlling step of the current adsorption data [27].
t t 1
—=— o @
Q@ 9e  Qk,
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Where Q. (mg/g), and k, (g/mg.min) represents
pseudo second adsorption capacity, and the pseudo
second rate constant of the adsorption process,
respectively. For pseudo-second-order kinetic model,
plotting the values of (t/q;) versus corresponding
contact time (t) should gave a straight lines with slop
and intercept equals the values of (1/Q:) and
(1/k2.Q2?), respectively. According to pseudo-second-
order kinetic plots (Fig. S2, Supplementary file),
plotting the values of (t/q;) versus corresponding
contact time (t) gave a straight lines with slope and
intercept equals the 0.0115 and 0.322 for lanthanum
adsorption by PSWC/EP/T-amine, and 0.0084 and
0.2257 for lanthanum adsorption by PSWC/EP/T-
amine/P-COOH, respectively. The values of Q>
(mg/g), and k, (min') were calculated form these
values and were represented in Table 1. The
consistency of the values of q. (73.8 and 101.4 mg/g)
with the value of Qq> (86.96 and 119.05 mg/g) refers
to suitability of the pseudo-second-order kinetic
model to describe the studied adsorption process.
Also, the higher value of R? (> 0.9991) of this kinetic
models confirms this hypothesis, so, La(Ill)
adsorption on PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH is suggested to be chemisorption
process. Intraparticle diffusion and Elovich models
were employed to analyze the role of intraparticle
diffusion and adsorbent/adsorbate interaction on
lanthanum adsorption. The adsorption/time data for
lanthanum adsorption on PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH were investigated using
the intraparticle diffusion kinetic model (Eq. 5) to
evaluate the impact of intraparticle diffusion in the
lanthanum adsorption process [28].
q¢ = C + kyppmt®® (5)

Where q¢ (mmol/g) is the lanthanum adsorption
capacity at time t, kppm (mmol/gmin®3) is the
intraparticle diffusion rate constant, and C is the
intraparticle diffusion constant. The plots of g, vs t3
should represent straight lines if the overall
adsorption rate is intraparticle diffusion-controlled
step. The values of constant (C) reveal details about
the boundary layer's thickness. The bigger influence
of the boundary layer is implied by a larger constant
(I). The graphs of q; vs. t% for the lanthanum
adsorption on PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH are depicted in Fig. S3,
Supplementary file. The resultant plots show lines
that are almost perpendicular to the origin (C =
0.0763 and 0.1144 for the lanthanum adsorption on
PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH, respectively) and allude to intraparticle
diffusion as the rate-determining step. The Elovich
equation (Eq. 6) is a commonly used in describing
the kinetics of chemical adsorate-determining [29]:

1 1 1
qe = Bln(l + abt) = Eln(ab) + Eln(t) (6)

Where the constants (a) and (b) are constants related
to the initial biosorption rate (mg/(g.min)) and
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desorption rate (g/mg), respectively. Fig. S4
(Supplementary file) shows the Elovich plots of
lanthanum adsorption on the PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH adsorbents. The slop
and intercept of the Elovich plots were used to derive
the corresponding kinetic parameters for the model.
(Table 1). The Elovich equation fit the adsorption
time-dependent data better, with R> > 0.9958. The
outcome of the Elovich model indicates
chemisorption of lanthanum into the used adsorbents
(through exchange or transfer of electrons between
lanthanum and adsorbents).

3.5. Effect of Adsorbate Concentration

The initial concentration was related to the driving
force of the adsorbate molecules to the active site of
the adsorbent. Thus, this parameter had an impact on
how adsorbent and adsorbate interacted in the
solution. Various concentrations of lanthaum(III)
ions (25-400 mg/L) were used to examine the impact
of initial metal ion concentration on the adsorption
performance. A 50 mL solution of La(Ill) (at pH 7,
and at different initial concentration) were added to
the PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH biosorbents. The samples were shake at 27 °C
for 150 minutes. The samples were eventually
collected, filtered, and analyzed  using
spectrophotometry. Fig. 5 shows the effect of
adsorbate concentration on lanthanum adsorption by
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH adsorbents. According to the findings, the
lanthanum adsorption capacity on PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH increased
monotonically with increase adsorbate concentration
till it arrive the plateau at adsorbate concentration of
300 mg/L. This conduct might be a consequence of
increase availability of active sites on PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH  per
lanthanum ion in the adsorption medium.

120
- 80 F
20
o
E
<40
PSWC/EP/T-amine
| PSWC/EP/T-amine/P-COOH
0 L L L
0 200 400 600
G (mg/L)

Fig. 5. The effect of adsorbate concentration on lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH
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Table 1
The kinetic parameters obtained from kinetic modelling of lanthanum adsorption on PSWC/EP/T -amine and PSWC/EP/T-amine/P-COOH
adsorbents
Value
Model Parameters
PSWC/EP/T-amine PSWC/EP/T-amine/P-COOH
Experimental adsorption capacity qt 738 101.4
Pseudo first order Q1 6249 90.84
Klst 17958 19583
R2 09915 0.9948
Pseudo second order Q2 86.96 119.05
K2 0.0004 0.0003
R2 0.9996 0.9991
Intraparticle diffusion rate model KIPDM 0.0404 0.0546

C
R2
Elovich a
b
R2

0.0763 0.1144
0.9323 0.9512
6.78 9.93
0.0530 0.0395
0.9958 0.9974

3.6. Effect of Adsorption Temperature

The impact of temperature on lanthanum adsorption
by PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH was studied at temperatures range of 298-328
K. Figure 6 shows the values of q. of lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH vs temperature (298-328K). The
progressive  increase in lanthanum adsorbed
quantities together with the rise in ambient
temperature indicates that the current process was
endothermic. Also, this conduct relates to the
chemisorption of lanthanum adsorption on
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH adsorbents. If the adsorption process is
chemisorption, higher adsorption would be obtained
at a higher temperature since the rate of chemical
reaction rises with rising temperature. Also, changes
in temperature might chemically affect the adsorbent,
its adsorption sites, and its activity. So, the
endothermic and chemical nature character of the
sorption process was indicated by the higher
adsorption capacities at higher temperatures [30].

m 160
PSWC/EP/T-amine

PSWC/EP/T-amine/P-COOH

=

a. (me/g)
s

q. (me/g)

]

0 100 00 300 L)} 0 100 200 300 400
. mg/) (. (mg/)

Fig. 6. The temperature effect on lanthanum adsorption by
PSWC/EP/T -amine and PSWC/EP/T-amine/P-COOH.
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3.7. Adsorption Isotherm Evaluation

An adsorption isotherm is a curve that expresses the
change in total quantity of adsorbate that is adsorbed
on the adsorbent with its concentration at constant
temperature. Adsorption isotherm models may
explain the interaction processes between the
adsorbent and the adsorbate at constant temperature
by taking into account the equilibrium data and the
adsorption characteristics of both the adsorbent and
the adsorbate. Therefore, one of the most important
ways to predict adsorption mechanisms of distinct
adsorption systems is to understand the adsorption
isotherms of the equilibrium data. The equilibrium
data of lanthanum adsorption by PSWC/EP/T-amine
and PSWC/EP/T-amine/P-COOH adsorbents were
modeled according to various adsorption isotherm
models (using their linear regression analysis) to
choose the optimum adsorption isotherm model for
adsorption data optimization. The Langmuir model
describes monolayer adsorption systems with a finite
number of identical potential energy adsorption sites
on the adsorbent. The Langmuir adsorption model is
assumed that there is no lateral contact between
adsorbate species and that the reactive groups are
uniformly distributed throughout the surface of the
adsorbent particle. The equilibrium data of lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents were modeled according
to Langmuir isotherm, Eq. 7 [31].

C 1 C

== o )

de QKL Qo
where C. and q. are equilibrium lanthanum
concentration (mg/L) and adsorption capacity (mg/g),
respectively. Qr and K; are saturation capacity,
theoretical amount, (mg/g) and Langmuir binding
constant (L/mg), respectively. According to
Langmuir isotherm equation, plotting the values of
(Ce/qe) against the values of (C.) of lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents gives straight lines with




GREEN CHEMISTRY SYNTHESIS OF MODIFIED CHITOSAN BIOSORBENTS FOR LANTHANIUM RECOVERI¥39

slope and intercept equals the value of (1/Qc) and
(1/Q1Ky). The Langmuir model's linear regression is
shown in Figure 7.

6 4
PSWC/EP/T-amine

PSWC/EP/T-aming/P-COOH

Co/a(a8/L)
-
Co./A(g/L)

% 3
I W 3

0 m w W " 0 10 0 300 40

(. mgfl) C,mgfy)

Fig. 7. Langmuir isotherm of lanthanum adsorption by
PSWC/EP/T -amine and PSWC/EP/T-amine/P-COOH.

The values of Langmuir parameters (Qr and Kp) at
different temperatures were figured using the slopes
and intercepts of the obtained straight lines, and were
tabulated. The results (Fig. 7) show that the values of
both Q. and K. are increased with increase
temperatures. The increase in K; with temperature
refers to increase interaction between binding
between lanthanum ions and PSWC/EP/T-amine or
PSWC/EP/T-amine/P-COOH adsorbents as
temperature increase. Where the increase in qi with
temperature refers to a favorable adsorption of
lanthanum ions at higher temperatures. The results
(Table 2) show that Langmuir model fit experimental
data well with higher R? values, indicating a
suggested monolayer chemical adsorption of
lanthanum ions on the PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH adsorbents.
Additionally, the consistency of the maximum
adsorption capacities of Langmuir model (Qr) at
different temperature with the corresponding
experimental values (qc) confirms the formation of
monolayer adsorption system according to Langmuir
model hypothesis. According to Eq. 8, the monolayer
surface coverage (0) is realteted to the values of
lanthanium intial onentration and Langmuir binding
onstsant [32].

o=l 8

T 1+K, G ®)
The values of 6 were calculated using Eq.11 (Table
2) and graphically depicted in Figure 8a (C; versus
0).The results show a significant affinity of the used
adsorbents towards lanthanum ions with high
monolayer surface coverage (8 > 99%). The essential
characteristics of Langmuir isotherm can be
explained in terms of a dimensionless constant,
separation factor, Ry, (Eq. 9). The value of Ry is used
to detemine the feasibility of the adsorption process.
indicating the compatibility of the biosorption
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processes (positive values (0 < Ry < 1)) refer to a
feasible adsorption process otherwise not feasible
(linear, Ry = 1, or irreversible, Ry = 0) [33].
1

1+ K G )
Equation 9 was illustrated graphically in Figure 8b,
and the obtained Ry values were tabulated (Table
2).The positive Ry wvalues obtained for both
adsorbents are between 0.05 and 0.62 (so, 0 < Ry <
1), indicate that lanthanum adsorption is feasible on
all developed adsorbents.

R,

)

0 ¢ 0 '.\ PSWC/EP/T-2mine
] ‘ ~-PNCEaming]P-C00H
03 PSWC/EP[T-amine 0
- PSWC/EPT-amingP-C00K
11 0
0 % n i 0 130 W 50

G mgfl) G mgft)

Fig. 8. The monolayer surface coverage (a) and separation
factor (b) for lanthanum adsorption by PSWC/EP/T -amine
and PSWC/EP/T-amine/P-COOH.

The Freundlich model (Eq. 10), was among the first
models to be created to describe the adsorption
processes, it is an empirical relationship applied to
describe the non-ideal adsorption processes [34]. As a
result, it is regarded as a model that incorporates the
measure of heterogeneous adsorption. The adsorbent
surface should be more heterogeneous if the
equation's heterogeneity factor exceeds one.

1
logqe. = " log C. + log Kg (10)

where Ky and 1/n are adsorption capacity and
heterogeneity constant of Freundlich model. The
values of (log qc) of lanthanum adsorption by
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH adsorbents at different temperatures were
modelled vs the corresponding values of (log C.),
Fig. S5, Supplementary file. The Freundlich model's
linear regression give straight lines with slope and
intercept equals the value of (log Kr) and (1/n). The
values of Kr and n were calculated and were
tabulated (Table 2). The value of heterogeneity
constant (n, 0.91 — 1.47) suggested a favorableble
lanthanum adsorption on PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH  adsorbents at all
studied temperatures. The small values of the
correlation coefficient (R> < 0.92) indicat that
Freundlich isotherm did not fit well the lanthanum
adsorption on PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents. Dubinin-Radushkevich
isotherm is a temperature-dependent model may be
used to predict mechanism of adsorption process.
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Energy of adsorption process can be calculated from
Dubinin-Radushkevich isotherm and subsequently
the mechanism of adsorption process can be
predicted. The equilibrium data of lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents were modeled according
to Dubinin-Radushkevich, Eq. 11 [32].

1112
Ing, = Inqpr — Kpr (RT In [1 + C—] ) (11)
e

Where qe (mmol/g), qpr (mmol/g) and Kpr (mol*/kJ?)
are the experimental adsorption capacity, theoretical
adsorption  capacity (according to  Dubinin-
Radushkevich model) and Dubinin-Radushkevich
constant, respectively. R, T and C. are the universal
gas constant (8.314 J/mol K), absolute temperature
(K) and equilibrium concentration of adsorbate
(mmol/L), respectively. Another constant is the D-R

isotherm constant (&) was introduced in Eq. 11 where
Table 2

its value equals the value of (RT In[1+1/C. ]). The
values of (In gc) of lanthanum adsorption by
PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH adsorbents at different temperatures were
charted vs the corresponding values of (g?). The
Dubinin-Radushkevich model's linear regression give
straight lines with slope and intercept equals the
value of (-Kpr) and (In qpr), respectively (Figure 9).
The values of qpr and Kpr were calculated from with
slope and intercept of the straight lines (Table 2). The
highter values of the R? (> 0.9703) indicat the
souitability of Dubinin-Radushkevich isotherm to fit
lanthanum adsorption on the adsorbents. Also, the
value of the theoretical adsorption capacity of
Dubinin-Radushkevich model are consist with the
experimental data.

The obtained isotherm and thermodynamics parameters of lanthanum adsorption on PSWC/EP/T-amine and PSWC/EP/T-amine/P-COOH

adsorbents.
Temp. Exp. Langmuir parameters Freundlich parameters
Adsorbent T qe qu KL R? n K, R?
K mg/g mg/g mg/g mg/g
298 75.8 86.21 0.0246 0.9946 2.41 8.18 0.8762
. 308 82.2 90.91 0.0287 0.9981 2.71 11.09 0.9019
PSWC/EP/T-amine 318 89.4 98.04 0.0342  0.9982 2.94 3631 0.9200
328 98.2 104.17 0.0489 0.9981 342 20.60 0.9012
298 101.8 112.32 0.0473 0.9987 3.10 19.22 0.8560
. 308 112.6 119.05 0.0500 0.9992 3.125 20.94 0.8465
PSWC/EP/T-amine/P-COOH 318 121.8 128.21 0.0565  0.9995 3.39 2566 0.8867
328 129.6 133.33 0.0610 0.9984 3.60 29.40 0.8902
Thermodynamics parameters Dubinin-Radushkevich parameters
Adsorbent T AH° AS° AG° dpr E R?
K J/mol J/mol.K J/mol mmol/g mg/g J/mol
298 18063 127.86 -20040 0.57 78.68 3536 0.9945
. 308 18063 127.86 -21318 0.59 81.48 4083 0.9877
PSWC/EP/T-amine 318 18063 127.86 22597 0.64 88.36 4083 0.9803
328 18063 127.86 -23875 0.70 96.74 5000 0.9725
298 7208 97.17 -21747 0.77 107.46 4083 0.984
. 308 7208 97.17 -22719 0.83 115.43 5000 0.9931
PSWC/EP/T-amine/P-COOH 318 7208 97.17 2369 0.85 11851 5000  0.9703
328 7208 97.17 -24662 0.88 122.19 7071 0.9778
The apparent energy (E) of lanthanum adsorption 0 ul
process can be calculated from the calculated values . PSWC/ERfT-amine h PSWC/ER/T-amine/P-COOH
of Kpr and subsequently the type of the sorption h Y
process can be predicted. The values of E were . !} TN
calculated using Eq. 12 [32]. Wy 3 3
1 ] ko M A RS
E= 7] (12) LEH £ N
) ZKDR E NN 11 \ \\‘
2 ) % g
The calculated apparent energy values of lanthanum T ' QElE
adsorption on PSWC/EP/T-amine and PSWC/EP/T- " ) ‘ Iy , W xm
amine/P-COOH adsorbents were calculated (Table 0 N0 ABEED G0N0 B00000N 0 000 100000000
2). The wvalues of E fall within the phyisi- ! 2

chemisorption reaction range (3.54 — 5.00 kJ/mol) for
of lanthanum adsorption on PSWC/EP/T-amine.
Whereas for PSWC/EP/T-amine/P-COOH, E values
fall within the chemisorption reaction range (4.08 —
7.07 kJ/mol) for of lanthanum adsorption on
PSWC/EP/T-amine/P-COOH adsorbent.
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Fig. 9. The Dubinin-Radushkevich isotherm for lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH
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3.8. Effect of the PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH Dose

Evaluating effect of the adsorbent dose on the
adsorption processes is very important parameter in
designing practical adsorption system. Fig. S6
(Supplementary file) shows the role of the adsorbent
dose on lanthanum adsorption by PSWC/EP/T-amine
and PSWC/EP/T-amine/P-COOH adsorbents.
According to the findings, the uptake efficiency are
increased as the PSWC/EP/T-amine  and
PSWC/EP/T-amine/P-COOH dose increased. This
may be attributed to the significantly raise in the
number of active sites of PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH (due to increase their
concentrations), and hence increase lanthanum
capture. The maximum lanthanum uptake efficiency
of PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH adsorbents reached a value of 82.8 % and
91.2 %, respectively. These higher lanthanum uptake
efficiency suggesting a promising applications of
PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH adsorbents. The decrease in uptake capability
with increasing PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH doses might be a consequence of
decrease lanthanum ions/ adsorbent active site ratio.

3.9. Thermodynamic Studies

The adsorption thermodynamics study may be used
to identify a number of thermodynamic
characteristics. These thermodynamic characteristics
reveal details about the sorption mechanism and
nature. The most often researched thermodynamic
characteristics are Gibbs free energy (AG®°, minimal
isothermal work required for the adsorbent to reach a
given energy level.), enthalpy (AH®, heat adsorbed or
released during the adsorption process), and entropy
change (AS°, adsorption entropy offers information
on the randomness and packing of the adsorbed
species). The nature adsorption process may be
endothermic  (positive  enthalpy change) or
exothermic (negative enthalpy change). In the
exothermic adsorption process, it is important to
quantify the heat of adsorption to ensure the
operation is safe. If the heat of adsorption is
accumulated in the system, excess heating in the
workplace or an explosion could bring hazards. Apart
from that, the released heat will alter the sorbent
temperature and subsequently affect the operation
because there are changes in the mass transfer and
adsorption process [45]. Also, the adsorption process
may be classified as either chemical, physical, or
physical/chemical process. The range of enthalpy
change (AH°), or more precisely the heat of
adsorption, distinguishes these forms of adsorption.
A physical adsorption's heat is between 8 and 25
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kJ/mol, whereas a chemical adsorption's heat is
between 40 and 200 kJ/mol of energy. To assure the
success of an adsorption process, it is crucial to
measure the heat of adsorption. Van't Hoff equation
(Eq. 13) was used to compute the thermodynamic
characteristics (AG°, AH°, AS°) of lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents were using [34]:

1 1
II’IKL = —ﬁAHD + EASO (13)
The equilibrium data (values of Langmuir binding
constant (Kr) obtained at different temperature and
their corresponding adsorption medium temperature
(T)) of lanthanum adsorption by PSWC/EP/T-amine
and PSWC/EP/T-amine/P-COOH adsorbents were
modeled according to van't Hoff equation. According
to van't Hoff equation, plotting the values of (InKy)
against the values of (1/T) of lanthanum adsorption
by PSWC/EP/T-amine and PSWC/EP/T-amine/P-
COOH adsorbents gives straight line with slope and
intercept equals the value of (-AH°/R) and (AS°/R),
respectively. The van't Hoff's linear regression is
shown in Fig. S7 (Supplementary file). The AH° and
AS° values at different temperatures were calculated,
and were given in Table 2. Clearly, the positive
values of AH° (18.63 KlJ/mol) refers to an
endothermic physical adsorption of lanthanum
adsorption on PSWC/EP/T-amine adsorbent. On the
other side, the positive values of AH® (72.09 KJ/mol)
refers to an endothermic chemical adsorption of
lanthanum adsorption on PSWC/EP/T-amine/P-
COOH adsorbent (mainly ion exchange mechanism).
The positive values of AS® refers to increase
randomness during adsorption of lanthanum
adsorption by PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents. The calculated AH® and
AS° values may be used to compute the Gibbs free
energy (AG°, minimal isothermal work required for
the adsorbent to reach a given energy level) of the
adsorption reaction of lanthanum with the studied
adsorbents, Eq. 14 [34].
AG® = —TAS® + AH° (14)

The calculated values of Gibbs free energy are given
in Table 2 Obviously, all the obtained Gibbs free
energy values are negative values (from -20.04 to -
24.66 kJ/mole) confirming the spontaneous nature of
lanthanum adsorption on PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH adsorbents. Also,
increasing the Gibbs free energy negative values
suggests that lanthanum adsorption becomes more
favorable with increasing of temperature.
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3.10. Elution and Regeneration of the PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH Loaded
Biosorbents

The elution of the adsorbed lanthanum ions from the
PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH loaded biosorbents was investigated using 0.5
N HCI solution. 25 mg of the lanthanum-loaded
biosorbents was agitated in 50 mL of the acid
solution overnight. The PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH were filtered and the
elution mediums were analyzed to determine
lanthanum elution percentage. Five sequential
adsorption/elution cycles were used to assess the
reusability of the biosorbent. After elution
experiment, the PSWC/EP/T-amine and
PSWC/EP/T-amine/P-COOH adsorbents was rinsed
in water (to pH = 7) before to the next adsorption
cycle. The results of adsorption/elution cycle show
promising elution percent of about 96.5 and 95.2 %
from La (III) lanthanum-PSWC/EP/T-amine and
lanthanum-PSWC/EP/T-amine/P-COOH adsorbents,
respectively. The biosorbent regeneration percent
after five cycle PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH adsorbents is about 84%. In addition,
the adsorption capacity of the five cycle capacity
equals 86.4 - 88.4% of corresponding value of the
first cycle.

3.11. Case Study

The Egyptian black sands occupy about 700 km
along the Mediterranean Sea coastal zone from the
Abu-Qir area in the west to the Rafah area in the east,
and they are found either as beach deposits or
accumulated sand dunes along the shore-line (Fig.
10). The Egyptian black sands encounter several
important minerals in economic reserves, such as
magnetite, ilmenite, zircon, monazite, garnet,
cassiterite, and rutile, in addition to the native gold.
These sands are believed to be sourced from different
basement rocks (igneous and metamorphic) found in
the upper reaches of the Nile River, the Ethiopian
Plateau, and heights of East Central Africa; in
particular, the monazite mineral was suggested as a
probable derivative of granite and pegmatite rocks of
the White Nile provenance [35].
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Fig. 10. A map exhibits the black sand distribution along
the Egyptian North Coast and shows the location of the
Abu-Khashaba area.

From the geological reserve point of view, the
Egyptian black sands were estimated at 647 million
metric tons in total, and this amount was divided into
about 31 million metric tons in the upper top zone of
the beach and about 616 million metric tons in the
following twenty meters. The monazite component
was estimated to form about 0.01-0.6% of the total
black sands volume; this variation is mainly related
to the concentration of the present black sands and to
the natural concentration process (the eroded beach
zones have a higher monazite concentration than the
un-eroded areas). Although the relative importance of
each mineral constituent in black sand varies, the
monazite mineral garners special attention due to its
chemical composition, which is rich in REE and the
elements thorium and uranium. Monazite is regarded
as the main conventional source for REEs extraction
and production, and non-conventional source for both
thorium and uranium.

Fig. 11. High-grade monazite concentrate resulted from the
concentration processes of the black sands.

3.11.1. Monazite Sample Preparation

To conduct a considerable amount of monazite
mineral concentrate, ten black sand samples were
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collected from the beach zone in the Abu Khashaba
area, which extends 5 km in length and 0.5 km in
width to the east of Rosetta distributaries on the
Mediterranean coast. For utilization in the separation
processes, the samples were collected vertically from
the beach surface to about 35 cm depth and
distributed horizontally along a 3 km distance (one
sample/300 meters) to conduct representative
samples of black sands containing monazite average
concentration of about 0.1% as previously recorded
in the bulk black sand in this region, then all the
samples were carefully mixed into one technological
black sands sample. Generally, the monazite
concentrate is extracted from the black sand through
a series of separation procedures i.e. (1) magnetic
separation to separate ilmenite, magnetite, leucoxene
and other paramagnetic minerals from the
technological black sands sample. This separated
portion make up the great bulk of the technological
black sands sample. (2) Electrostatic separation, after
paramagnetic minerals, the residue of the sample
(mainly composed of monazite and zircon minerals)
was subject to electrostatic separation. The
electrostatic separation yielding two fractions,
conductor and non-conductor portions. The last
fraction was fractionated using wet-table separation
method. Two fraction was obtained from the last
separation method (tail-table strip (mainly composed
of zircon mineral) and top-table strip (mainly
composed of monazite mineral). Monazite
concentration with high grad (= 92%) was found to
be the dominant constituent in the top-table strip
portion. Fig. 11 shows the microscopic image of the
obtained monazite sample results from the
concentration processes of the black sands. The size
of the obtained monazite concentrate sample was
reduced to a representative portion of 50 grams by
the quartering technique (by which the sample is split
into two portions and then each portion is
successively quartered to about 50 grams), ground to
-200 mesh size, then mixed well, transferred, and
stored in labeled plastic vials. This finely ground
portion is suitable for chemical analysis. Table 3
shows the chemical composition of the monazite
solid sample.

Table 3
Chemical composition of the monazite sample

3.11.2. Monazite Chemical Leaching

The obtained monazite powder was digested using
sulfuric acid route. In details, the monazite
concentrate was fed through portions to sulfuric acid
at 463 K. The other leaching conditions are
solid/liquid ratio of 1/4, leaching temperature of 498
K (after complete addition of the obtained monazite
powder to sulfuric acid at 463 K, the reaction
temperature was raised to 498 K) and leaching time
of 4h. After 4h, nearly all REE content into the
monazite sample residue was leached by cold water.
The resultant leached monazite filtrate was analyzed
to determine its REE concentration and other
constituent content (Table 4).

3.11.3. Extract Lanthanum lons from Monazite
Leach Liquid

Lanthanum recovery was achieved by adding 0.5 g of
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH into 50 mL of the resultant leached monazite
filtrate obtained from the previous. The PSWC/EP/T-
amine and PSWC/EP/T-amine/P-COOH  were
removed from the monazite filtrate after 30 minutes
of stirring, where residual content of lanthanum into
the monazite filtrate was then measured to evaluate
adsorption efficiency. The concentrations of REE on
the leach liquor before and after treatment with
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH adsorbents were quantified using ICP-OES
(Table 4). The adsorbents showed a higher affinities
to extract lanthanum(IIl) from leach liquid. The
lanthanum concentrations on the leach liquor
decreased from 154.9 mg/L to 49.6 mg/L after first
treatment with the PSWC/EP/T-amine adsorbent. On
the other side, the PSWC/EP/T-amine/P-COOH
adsorbent was more efficient than PSWC/EP/T-
amine adsorbent in the lanthanum recovery. The
lanthanum concentrations on the leach liquor
decreased from 154.9 mg/L to 44.8 mg/L after first
treatment with the PSWC/EP/T-amine/P-COOH
adsorbent.

Concentration

RE203 Concentration

Components

Wt., % Components Concentration, %
RE203 54.67 LaZO3 12.24
P,0s 28.11 CeO, 23.27
Th02 6.53 Pr203 2.76
FeZO3 2.74 Nd203 9.99
TiO, 2.62 Sm, 03 2.04
CaO 0.98 Gd,0; 1.30
Si0, 1.2 Dy,03 0.88
U30x 0.41 H0203 0.25
Total 97.26 Y,03 1.76
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Table 4
The chemical composition of the monazite leach liquid

The concentration of metal ions in the leach liquor (mg/L)

Metal ion Before treatment, C;
mg/1
La 154.92
Ce 294.56
Pr 349
Nd 126.56
Sm 25.76
Eu 0.04
Gd 16.48
Tb 1.22
Dy 11.12
Ho 3.16
Er 0.024
Tm 0.04
Yb 0.034
Lu 1.12
Y 22.24

PSWC/EP/T -amine

After treatment, C,
PSWC/EP/T -amine/P-COOH

49.6 44.8
95.4 89.1
12.9 11.8
453 38.7
12.3 11.2
0.03 0.02
114 10.2
1.6 1.4
10.7 9.3
29 2.6
0.02 0.02
0.03 0.03
0.03 0.03
1.1 1

19.9 17.8

4. Conclusions

PSWC/EP/T-amine and  PSWC/EP/T-amine/P-
COOH adsorbents were synthesized from shrimp
waste using green synthesis approach, and were
applied for lanthanum adsorption from synthetic and
real samples. The uptake of lanthanum(II) ions by
PSWC/EP, PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH was very low at pH< 1, and is
increased with the increase of pH till reached
maximum value at the limit of pH 7.0, for both
adsorbents. The maximum uptake of lanthanum ions
by PSWC/EP, PSWC/EP/T-amine and PSWC/EP/T-
amine/P-COOH achieved at pH 7.0 were 57.4, 73.8
and 101.4 mg/g, respectively. The adsorption
capacity of lanthanum ions on PSWC/EP/T-amine
and PSWC/EP/T-amine/P-COOH rose monotonically
till it arrive the plateau at 150 minutes. About 25.88
and 29.23% of the total adsorbed lanthanum ions
were adsorbed in less than 10 minutes by
PSWC/EP/T-amine  and  PSWC/EP/T-amine/P-
COOH, respectively.
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