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Abstract

Dicalcium phosphate (DCP) used as adsorbent and in presence of CS with different ratio to form dicalcium
phosphate chitosan composites, (DCP-CS1) and (DCP-CS2) which were characterized by X-ray diffraction
analysis (XRD), Fourier Transform Infra-red spectroscopy (FTIR), Scanning electron microscope together
with energy dispersive X-ray (SEM with EDX) before and after removal. The findings revealed that DCP
crystalline were mineralized in presence of CS and this confirmed that CS has a controlling role on the
morphologies of DCP. Batch studies were conducted at initial Fe?* ions concentration range of 50-250
mg/L ,100 mg of adsorbent dose, pH range centered around 4.9 and 70-minutes contact time at 25 +
1 °C. The adsorption kinetics was well-described by the pseudo-second-order kinetic, the intraparticle
diffusion model was not rate-limiting step and the adsorption isotherms were fitted with Langmuir and
Freundlich models. The maximal adsorption capacities (q,,) for (DCP), (DCP-CS1) and (DCP-CS2) were
13.38, 14.96 and 19.79 mg g~ ! for Fe?* ions removal, respectively. Based on these findings, it can be con-
cluded that DCP/CS composites can adsorb Fe?* ions from aqueous solutions successfully due to func-
tional groups such phosphate, hydroxyl and amino groups in its structure.
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1. Introduction contamination of drinking water throughout the
distribution system [3]. In water, iron piping can
leak corroded iron, chlorine and whitening pow-
der applied as a germicide to drinking water, oxi-
dize and corrode iron. Iron is found in two types,
soluble Fe?" or in insoluble Fe3*. Water contain-
ing Fe?" ions is colorless and transparent owing to
the total solubility ions in water. As soon as it is
presented to the air, the water becomes turbid and
starts to create a reddish-brown film. This residue
is a form of iron oxidized that is not soluble in wa-
ter [4]. The oxidation rates are not fast in aerated
water and this reduced form will continue for some
time when it has a pH less than 6.

The World Health Organization (WHO) limits
the permissible concentration of Fe?" ions in wa-
*Corresponding author. ter to 0.3 mg/L. Excess Fe can cause illness such
Email address: abbasmamdoh@science.suez.edu.eg as Alzheimer, Arteriosclerosis, Diabetes mellitus,
(Abbas M. Abbas) Cancer, Neurodegenerative diseases [5].
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Water contamination by heavy metals (HMs) is a
chronic global problem in all countries. HMs are
immune and anti-degradable components trans-
mitted by both natural and anthropogenic activi-
ties into water bodies. The crucial sources of an-
thropogenic waste are agricultural, industrial and
domestic waste, that are growing owing to an in-
crease in the global population [1].

Iron is one of the main water contaminants of
many heavy metals (HMs). Iron occupies the 26th
critical site in the periodic table, it is the ond mostly
common component on the globe, occurring in
many forms in water [2]. Embedded iron can in-
crease the efficacy of species that cause greater
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For removing Fe?* ions from waste water, sev-
eral methods of separation can be used, including
membranes [6], electrocoagulation [7], chemical
precipitation [8], and ions exchange [9]. All these
techniques have restrictions, including high costs,
low extraction, highly energetic requirements, and
waste disposal problems in some cases. In addi-
tionally, one of the most suitable treatment choices
for treated water is adsorption. While adsorption
is not a novel technique, recent advances in adsor-
bents have made it a far more efficient approach.

The usage of phosphate materials increased dra-
matically in recent years, primarily due to their
high ability to extract a significant number of heavy
metal ions when it contacts with the aqueous solu-
tions. The resources of Calcium phosphates (CPs)
have gained significant consideration in the field
of treated water and toxic heavy metal extraction
due to their environmentally benign characteris-
tics and the high surface areas available [10].

Dicalcium phosphate anhydrate (DCPA, Mon-
etite, CaHPO,) was used as an adsorbent for Fe?*
ions uptake as a means of providing PO43~group,
higher surface area, preventing pollutant emis-
sion into the environment and relatively cheap.
DCP has gained significant interest as among the
most stable phases of dicalcium phosphates. Re-
cently, several scientists have used monetite as
an adsorptive for aqueous solution purification.
Malathion extraction using monetite via aqueous
solutions [11] Lately, efficient fluoride uptake from
potable water by using DCP bundles has also been
documented [12].

In addition, chitosan (CS) has gained great
attention as an adsorbent in treated water ap-
plications, due to its abundance, antibacterial,
biocompatibility, biodegradability, bioactivity, hy-
drophilicity, nontoxicity, and renewability [13].
Chitosan is a chitin that is N-deacetylated, a most
common polymer on earth. The CS chemical name
Poly-(1—4)-2-amino-2-deoxy-b-d-glucose [14], It
gained considerable interest by using chitosan
for extraction organic species ions and transition
metal by adsorption process [15]. For its excellent
binding ability, Chitosan chelates larger quanti-
ties of heavy metal than chitin, mainly owing to the
free NH, groups exposed after chitin deacetylation.

Also, it’s soft and has a propensity to agglomerate
or shape gel. It is partially soluble in diluted acids
mineral including hydrochloric acid (HCl), phos-
phoric acid (H3PO4) and nitric acid (HNOs3) [16],
it is also soluble in organic diluted acids including
formic acid, acetic acid (HAc), etc. [17]. Several
researchers have studied the efficacy of chitosan
and its blends as an adsorption mechanism for
heavy metal uptake, [18-20].

In this work, an effort was made to study the ef-
fect of chitosan (CS) on calcium phosphate (CPs)
for removal of Fe?* ions from wastewater. The spe-
cific objectives of this study are preparing cross-
linking between dicalcium phosphate and chitosan
(DCP /CS) for using as an adsorbent, characteriza-
tion adsorbent by XRD, FTIR and SEM/EDX. The
adsorption behavior of the Fe?* ions removal on
the adsorbent powder studied under conditions
of adsorbent dose, pH, contact time, initial metal
concentration, kinetics, and adsorption isotherm.

2. Material and method

2.1. Material

Analytical reagent grade of all chemicals used in
this research. Iron sulfate heptahydrate and Chi-
tosan Shrimp Shells, from LOBA CHEMIE, India.
Glacial acetic acid 96% from El-Nasr Pharmaceu-
tical Chemicals Co., Egypt. Hydrochloric acid (HCI,
from Techno PharmChem, India. Sodium hydrox-
ide solution 0.5 N (NaOH) and iron reagent (Fer-
roVer Powder Pillows, 10 ml) from HACH Company,
USA.

2.2. Method used for preparation of adsorbent pow-
ders

2.2.1. Dicalcium phosphate (DCP

Dicalcium phosphate (DCP) is used as adsorbent
and a raw material in the recent study in prepara-
tion of dicalcium phosphate - Chitosan composite
DCP-CS. Natural DCP dried in an oven at temper-
ature of 80°C for 24 h with the aim to eliminate
moisture, dried DCP grinded in the agate mortar
into a fine powder.
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2.2.2. Dicalcium phosphate — chitosan composite
(DCP-CS

e Composite 1: 10% Chitosan + 90% Dicalcium
phosphate (DCP-CS1)

Disperse 1 gram of CS with a high-speed agita-
tor in 50 ml of water and add 50 ml of 2% acetic
acid while the agitation continues. Stir for 30 min-
utes or until dissolving is complete, then added 9
gm of DCP. Then, DCP - CS1 were performed us-
ing sonication method by stirring the solution with
ultrasonic wave 42 kHz 130 W to 1 hours. After son-
ication processes, the mixture is placed into dishes
and put in an oven to dried at 80 °C to 24 hours.
Prior to characterization and use the dry solid was
thinly milled into a fine powder.

e Composite 2: 30% Chitosan + 70% Dicalcium
phosphate ( DCP-CS2)

Disperse 3 gram of CS with a high-speed agita-
tor in 50 ml of water and add 150 ml of 2% acetic
acid while the agitation continues. Stir to 30 min-
utes or until dissolving is complete, then added 7
gm of DCP. Then, DCP-CS2 were performed using
sonication method by stirring the solution with ul-
trasonic wave 42 kHz 130 W to 1 hours. After soni-
cation processes, the mixture is placed into dishes
and put in an oven to dried at 80 °C to 24 hours.
Prior to characterization and use the dry solid was
thinly milled into a fine powder.

2.3. Characterization

2.3.1. XRD Analysis

An XRD (The Bruker D8 Advance, Germany, us-
ing Cu anticathode (Acykq = 1.5405A), 40KV and
40mA) was used to evaluate the chemical compo-
sition phases and crystalline size of the various ad-
sorbent powders. XRD patterns are recorded in 2-
theta-scale ranges of 10°- 60" per a scan step of
0.02° and an acquire time of 9s per step. The phases
obtained were identified by compared to the ref-
erence standards (JCPDS). The average crystalline
size (D) of the obtained composite powders was es-
timated from XRD using the Scherrer formula [21]
as seen below:

D=KA/(Bcos 0) (1)

Where the average crystalline size is d, the wave-
length X-ray is A, Scherer’s constant is k (0.92), the

full width at half maximal (FWHM) intensity of a
Bragg reflection is § and the Bragg’s angle is 6.

2.3.2. FTIR Analysis

ATR-FTIR spectrometer (Bruker, Germany,
Alpha-P), this device was equipped by ATR probe
included a diamond crystal with a scan range up
to 2 um to identify the major chemical functional
groups of the various samples prepared as well as
the type of chemical bond between the various
atoms in the groups. Sample powders was intro-
duced to the crystal surface and then locked in
prior to measurement with a "clutch - type" lever,
each spectrum was recorded at 2 cm ™! resolutions
with range 400 - 4,000 cm™ 1.

2.3.3. SEM with EDX

Scanning Electron Microscopy (Joel, JSM-
6360LA, Japan) equipped with EDX Unit, with
accelerating voltage 30 KV, a magnification of 14x
up to 1000000, was used to examine the surface
morphology of the different adsorbent powders.
The investigated samples were coated with a thin
layer of pure gold before imaging using sputter
coater. EDX analyzer was used to detect the chem-
ical composition of the synthesized powders. The
EDX system has a super ultra-thin window which
means that it can analyze a wide range of elements.

2.4. Preparation of Fé* ion solutions

A Stock solution of Fe?* ions 1000 ppm was pre-
pared by dissolving a 4.978 g of FeSO,4.7H,0in 1 L
distilled water, with resistivity of 18.2 Q.cm at 25°C.

2.5. Adsorption studies

Batch adsorption experiments of 10 mL of 100
ppm Fe?* ions solutions were performed. A prede-
termined quantity of adsorbent powders was trans-
ferred to the glass tubes and placed in stirred at
maxiumum and ambient temperature (25 + 1°C).
As a control, a blank sample was used. After treat-
ment, settling for 2 minutes and centerfuge using
rotofix 32 A 4000 rpm to 5 minutes then filtration
the supernate by syring filter 0.45 ym membrane
then filtrate was analyzed for the Fe?* ions con-
centration [22] by UV/Vis spectrometer a HACH
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Lange-DR/6000 (Germany) [23] with 1,10 phenan-
throline as reagent at wavelength 510 nm. Adsorp-
tion kinetics with a known quantity of adsorbent
loading were investigated by varying the contact
time from 0 to 100 minutes at (25 + 1°C). Adsorp-
tion ability at equilibrium q. (mg/g) and adsorp-
tion efficiency (% Removal) were evaluated as ac-
cording to:

ge =(Co-Ce) VIm (2)

% Removal = [(C, — Ce) /Co ] x 100 (3)

Where the initial concentration and equilibrium
concentration of (Fe2") ions (mg/L) are C, and C,
the volume of solution (L) is V, the mass of the ad-
sorbent material (g) is m.

3. Result and discussion

3.1. Characterization

3.1.1. XRD Analysis

An XRDpatterns of the DCP DCP - CS1 and
DCP-CS2 are presented in Figure 1. Adsorbents
powder showed strong and sharp intensity of peaks
at 2-theta angle =13.14°, 26.5°, 30.3°, 33° com-
paring to the valuation of (CaPO3(OH), Monetite
— JCPD 09 - 008) [24, 25]. The crystal structure
of DCP, monetite is tetrahedral representing the
PO4 group, the largest spheres is Ca atom, medium
O atom, and smallest spheres H atom [26] and crys-
tal system is Triclinic — Pinacoidal space group [27].

From previous studies the XRD of preparation
chitosan (CS) gives two peaks at 2-Theta angle 10°
and 20° [28]. The peak around 20° assigned to (CS)
chain however, the crystalline structure of the chi-
tosan (CS) was totally broken after removal Fe2*
ions on DCP-CS1 and DCP-CS2 that presented in
Figure 1. By increasing the DCP/CS ratio, the peak
of DCP, Monetite intensity steadily increased. The
20, crystal size, d-spacing (A) and the main phase
detected for adsorbents before removal showed in
the Table 1.

PXRD of DCP, DCP-CS1 and DCP-CS2 that pre-
sented in Figure 1 after Fe?* ions removal did not
reveal any new phases. Supported the idea that
Fe?* ions removal was not dependent on dissolu-
tion/precipitation mechanisms. Fe?* ions uptake
may be occurs using adsorption mechanisms such
as surface complexation or ionic exchange [29].
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Figure 1: XRPD patterns of adsorbents before and after
removal(Fe2") ions

PXRD showed some changes throughout their
relative intensities and crystals sizes (Table 2). Also,
there are also some little shifts in 26, d-spacing (A)
and crystals size (nm) of the maximal relative in-
tensity (I/1°) peak after Fe2* ions uptake. this may
be owing to the exchange of ions between Ca®* and
Fe?* ions in lattice structure of adsorbents powder.

To calculate the values of average crystallite’s size
for all adsorbents before and after Fe?* ion extrac-
tion from XRD data using Scherrer formula. Firstly,
determine peak position and FWHM from XRD
data. Then, put it in Scherrer equation for the cal-
culation of crystallites size. Finally, determine the
average crystallites size showed in the S1.

It is evident from all the data achieved shown
in S1 the average crystallites size (nm) of mon-
etite (DCP) decrease after cross-linking with chi-
tosan (CS). This suggested that in nature, the chi-
tosan was amorphous [28]. Decreasing crystallinity
caused an increase in the adsorptive of Fe?* ions.

The average crystallites size of adsorbents in-
creases after Fe?" ions uptake. This may be related
to the Fe?* ions uptake depended not only on the
substitution of Ca?* with Fe?" ions but also form
complex compound on the surface of adsorbents,
adsorption process influenced by adsorbent abil-
ity to bond with Fe?* ions that comes from either
DCP or CS active sites. therefore, Fe?* ions are ca-
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Table 1: 260,d-spacing (&), crystal size (nm)at the maximal relative intensity (I/1°) peak and the main phasedetected for the

prepared adsorbents.

Character 20 d-spacing (A) Crystal size (nm) Main phase
detected
DCP 30.30 2.95 33.60 Monetite
(DCP -CS1) 30.27 2.95 45.00 Monetite
(DCP - (CS2) 26.52 3.36 18.80 Monetite

Table 2: 2: 20, d-spacing (A), crystal size (nm)at the maximal
relative intensity (I/1°) peak after (Fe?*)ions removal.

Character 20 d- Crystal

spacing size

(Ao) (nm)

(DCP) + Fe**  30.23 295 38.30

(DCP-CS1) + 26.64 3.34 22.60
FeZ+

(DCP -CS2) + 30.47 2.93 33.70
FeZ+

pable of forming a bond with chitosan NH, group
to form a complex compound chelate [chitosan -
Fe®*] [30].

3.1.2. FTIR Analysis

The FT-IR measurements of DCP, DCP-CS1 and
DCP-CS2 powder is represented in Figure 2, The
wavenumbers and corresponding assignments are
represented in Table 3 before removal Fe?" ions.

By insertion and interactions of the CS inside the
DCP network with different ratio to form compos-
ites DCP-CS, the FT-IR spectrum of DCP after in-
sert CS. As it can be seen Figure 2, Some decreases
in the intensity of the characteristic peaks of DCP,
belong to P-O stretching, and the peaks belong to
(P)O-H stretching, suggest that the (PO43) groups
are the main active sites, when cross-linking with
CS.

The study found that the charged functional
groups existing on the composites surface, (-NHj)
groups or C=0 groups of CS, act as nucleation
centers for calcium phosphate particles. Firstly,
a layer of Ca?* ions formed with CS, and it was
strongly bound to C=0 groups and (-NH3) groups
of CS. Secondly, by electrostatic interaction, an-

other layer of (PO,37) ions was attracted to the
Ca®" ions layer.

It is evident from all the data achieved shown
in Figure 2 and S2. The result of FT-IR spectrum
showed that there are no new absorption peaks
were detected, there are alittle peak shifts which
may be attributed to the corporation and substi-
tution of Fe?" ions in the lattice structure of DCP,
DCP-CS1 and DCP-CS2.
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Figure 2: FT-IR spectra of DCP, DCP-CS1 and DCP-CS2 pow-
der before andafter removal Fe?* ions

3.1.3. Scanning Electron Microscope (SEM and En-
ergy Dispersive Analysis X-ray (EDX

SEM images at 500x and 1000x magnification
of DCP show the typical morphology expected for
monetite (i.e. a rectangular, plate-like crystal [33],
By insertion and interactions of the CS inside the
DCP network with different ratio to form compos-
ites DCP-CS1 and DCP-CS2, SEM images of DCP
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Table 3: IR spectra (cm™!) and assignments foradsorbents before removal (Fe?*) ions.

(DCP) (DCP-CS1) (DCP-CS2) Assignments Ref.
3448.79 3447.82 3450.11 O-H stretching of [31]
residual free water

2924.86 2854.12 2926.56 2857.49 2926.08 2856.66 (P) O-H stretching [31]
2371.27 2360.34 2370.07

1638.52 1630 1630 H -O-H bending and [32]

rotation of residual free
water
- 1638.62 1642.08 C= O stretching of amide  [32]
I

- 1418.19 1416.26 Amino II (-NH,) [32]

1131.851070.86 1131.58 1072.50 1133.11 1070.48 P-0O stretching [32]
1000.77 1002.14 998.33

894.88 889.22 879.42 P-O(H) stretching [32]

580.64 533.65 574.67 532 575.85529.232 O-P-O(H) bending mode  [32]

after insert CS were similar but the crystals ap-
peared to have a lowered aspect ratio and com-
posed of smaller, thicker crystallites, showed a sim-
ilar morphology to one another but different and
distinct from the first sample; these powders reveal
a general granular morphology with regular shaped
crystalline components found. The morphological
variations are most likely attributable to changes
in the CS contents used in synthesis [32] are pre-
sented in S3,4.

The polymer network regulated the production
of calcium phosphate in polymeric solution, ac-
cording to SEM results of DCP-CS composites. The
smaller the crystal of the inorganic phase pro-
duced, the larger the amount of polymer required.
This might be due to increased contact between
the crystals of calcium phosphate and polymer,
which could restrict growth of calcium phosphate
crystal with solution of chitosan [32].

Energy dispersive X-ray (EDX) was used to de-
termine the elemental composition of the all-
adsorbent powder. The average Ca/P ratio was
1.60 in DCP, 1.65 in DCP-CS1, and 1.78 in DCP-CS2
powders. These values are greater than the value of
1.0 for stoichiometric monetite [34].

SEM of DCP. DCP-CS1 and DCP-CS2 after Fe2*

ions uptake revealed some changes in morphol-
ogy and microstructure. EDX results indicated the

presence of (Fe?") ions with all adsorbents. The
weight and atomic percentage of Ca’?" ions and
P0O,3" in all adsorbents after metal ion uptake was
less than its value before metal ion removal as
shown in S§5-7.

3.2. Optimal condition studies

3.2.1. Effect of adsorbent dose

Impact of changing dosage powders on the Fe?*
ions removal at Cy=100 mg/L, adsorbent dose of
20, 40, 60, 80 and 100 mg, pH = 4.90, Temper-
ature 25+1°C at 120 minutes for both DCP and
DCP-CS1 and 60 minutes for DCP-CS2 were inves-
tigated, and the findings obtained are seen in S8.
The uptake percent (%) of Fe’" ions from solution
increased, while the adsorption ability decreased.
This occurred when the dose of adsorbent was in-
creased (S§9-11 ). The effective sites on the sur-
face of adsorbent increase with increasing adsor-
bent content, and then it provides more adsorption
sites to adsorb, leading to increased Fe* ions re-
moval. The decrease in the capacity of adsorption
could be owing to an interaction between binding
sites and the higher adsorbed dose or Fe?" ions de-
ficiency in the solution with respect to the binding
sites present [25].
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Figure 3: SEM images and EDX analysis of DCP-CS1

3.2.2. Effect of Contact Time

The contact time in almost all the adsorption
systems could always be viewed as an essential pa-
rameter. In that research, 100 mg of all the adsor-
bents were agitated separately at ambient temper-
ature with 10 mL of 50 mg/L Fe?" ions solutions
for different exposure periods 1-100 min. The ob-
served findings were presented in S12-15.

At certain periods of time (q;), the quantity of
Fe?* ions adsorbed per unit of weight the adsor-
bents were determined. The adsorption of Fe*
ions increased with time and equilibrium was
reached within 1-70 min. The results proved that
increasing in contact time does not affect on the
Fe?* ions uptake. Even though the time of con-
tact was variable for three adsorbents, adsorption
seems to be achievable within 70 minutes for all
adsorbents. As seen in Figures, DCP-CS2 demon-
strated greater Fe?" ions adsorption ability and
adsorption efficiency (% Removal) compared to

DCP and DCP-CS1. In the presence of all ad-
sorbents, reaching rapid adsorption equilibrium
specifically indicates that a high number of reac-
tion active sites are available on DCP and CS for
Fe?* ions uptake.

3.2.3. Effect of pH

The impact of pH was observed, differing lev-
els the pH of solution from 1.0 to 7.0 with the ini-
tial Fe?* ions concentration of 50 mg/L. The find-
ings demonstrate that the adsorption was carried
out at original pH solution for Fe?* ion (pH range
4.90). This is for following reasons: In acidic
medium, adsorbent DCP [35] and CS dissolves in
the solution [17]. In basic medium, iron precipi-
tates in the form of ferrous hydroxide [36].

3.2.4. Effect of initial Fé** ions concentration

The impact of the initial Fe?* ions concentration
on the rate of adsorption was analyzed using con-
stant weight 100 mg of adsorbents DCP, DCP-CS1
and DCP- CS2 at temperature 25+1°C and pH 4.9
using different concentrations of Fe?* ions ranging
between 25 to 250 mg/L. The findings are given in
S$16-19.

They demonstrate that the percent of Fe?* ions
adsorption increasing by decreasing the Fe?" ions
initial concentration. This result indicates that a
strong connection between DCP and CS toward
Fe?" ions.

3.3. Adsorption kinetics

Kinetic experiment is useful in assessing the ca-
pability of adsorption, that is very significant in
modeling and designing the mechanism of ad-
sorption [37]. pseudo-first-rate equation, pseudo-
second-order model and intra-particle diffusion
models to analyze the control method of the ad-
sorption process, including the physical adsorp-
tion, mass transfer, and chemical reaction.

a. pseudo first-order model:

Express the linear form as:

In (qe —q¢)) =Inqge-k; t(4)

where q; is the amount of adsorbed (Fe?*) ions
(mg g~ 1) at time (1), q. is the maximal ability of ad-
sorption (at equilibrium) (mg g~!) and k; (min™!)
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is the constant rate. Adsorption kinetics evalu-
ated at initial (Fe?*) ions concentration of 50 mg/L,
pH=4.9, dosage of adsorbent 100 mg/10 mL at
25+1°C. The In (q.-q;) vs t diagram was drawn as
can be seen in S20.

Equilibrium rate constant (k;) and regression co-
efficient (R?) estimated for all adsorbents from the
plots of the pseudo-first-rate equation of uptake
(Fe?") ions at equilibrium (q,) are indicated in (Ta-
ble 15). As it can be seen in S20 and S21, the
regression coefficient (R?) does not close toward
unity. Also, the results of g, studies evaluating
from pseudo-first-rate equation for all adsorbents
are different and not correspond directly to the ex-
perimental g, result.

b. pseudo-second-order model:

Express the linear form as:

t/qe = 1/k2qe” + t/qe (5)

where q; is the amount of adsorbed (Fe?*) ions
(mg g~ 1) at time (1), g, is the maximal ability of ad-
sorption at equilibrium (mg g~') and k, (g mg™!
min~!) is the constant rate for the second order.
The ky and g, values were determined from plot-
ting of t/q; versus t for second-order reactions
(Figure 4) using the intercept and slope values as
summarized in S21.

Constant rate (ko) and regression coefficient (R%)
estimated from the plotting of pseudo-second-
rate equation of uptake Fe?' ions, pH=4.9 at
equilibrium, (q.) for all adsorbents are given in
821. from linear plots, the Q¢ experimentar and
the q ¢ caicuiarea values are very close to each
other, and also, the calculated coefficients of
determination(R?), are also very close to unity.

4. Weber-Morris intraparticle diffusion model:

Fitting an intra-particle diffusion plot is
the most widely used technique for classify the
adsorption mechanism. The amount of Fe?* ions
adsorbed (q;) at time (t), was plotted against the
square root of t (t'/2), according to Eq. proposed by
Weber and Morris as follows [38]:

Qe=Kiat*° +C(6)

where C is thickness double-layer and k;; is
constant of diffusion rate (mg/g min'/?), q; is the
Fe?* ions adsorbed at a time (mg/g), t is the time

(min). Two straight lines with different slopes were
observed due to the differing magnitude of adsorp-
tion in the initial and final stages of the experiment
(Figure 5).

Inthe q; vs. t"plot, the two regions indicate that
the sorption process continues by surface sorption
and intra-particle diffusion. The initial fast up-
take can be because of the boundary layer (film dif-
fusion). The intraparticle diffusion or pore diffu-
sion starts after the outer surface loading has been
completed. The second linear component of the
plot shown in Figure 5 refers to the transport of
Fe2" ions within particles DCP, DCP-CS1 and DCP
- CS2 [39]. The slope of the second linear portion
of the plot has been defined to yield the intraparti-
cle diffusion, parameter of k;;, R;1? (first stage) and
Ki2, Ri2? (second stage) are listed in Table 4. On the
other side, the intercept give an indication about
the thikness of boundary layer effect [40]. In the
rate-control process, the greater the intercept C,
the greater the surface sorption contribution [41].

The plot revealed, as shown in Figure 5, that
the intraparticle diffusion isn’t the phase of rate-
limiting step because it did not pass through the
origin [39]. In comparison, the first straight portion
isreferred to a macropore diffusion process and the
second linear portion can also be referred to a mi-
cropore diffusion process [42]. Moreover, the first
stage is faster than the second one. This action can
be associated with the very slow diffusion from the
surface film of the adsorbate into the micropores,
the lowest available adsorption sites [40].

It is evident from all the data achieved shown
in S20, Figures 4 and S21, the adsorption pro-
cess was considered to be best suited to the
pseudo-second-order kinetic based on the re-
gression coefficient (R?) for all adsorbents are very
nearly to unity, which is larger than the pseudo-
first-order model. Moreover, qe(calculated)were
quite similar to q ¢,(experimental) meaning that
chemisorption involves valence forces by exchange
electrons between the sorbent and sorbate may be
the rate-limiting. Also, on two sorption sites on the
sorbent surface, only one metal ion is sorbed [42].

From Table 4, this can be conclouded that Fe**
ions (pH=4.9), adsorption onto DCP, DCP-CS1 and
DCP-CS2, the values obtained of k;; were greater

tO'S



A. M. Abbas et al./ Advances in Environmental and Life Sciences 2 (2022) 18-31 26

Table 4: Intraparticlediffusion model parameters for Fe?* ions(pH=4.9), adsorbed on DCP, DCP-CS1 and DCP-CS2

Intraparticle Ki K2 Rj1? R;»? Intercept ;; Intercept ;»
diffusion (mg/g m®°) (mg/gm’®)
model
DCP 0.75464 0.09834 0.98072 0.74269 0.27082 3.88468
(DCP -CS1) 0.78021 0.10706 0.9396 0.76736 0.54006 3.84887
(DCP -C(CS2) 0.89096 0.10438 0.93356 0.95655 0.88769 4.02108

Table 5: Isothermparameters and regression coefficient (R?) calculated for theadsorption of Fe?* using DCP, DCP-C1 and

DCP-CS2.
Adsorbent Langmuir Isotherm Freundlich Isotherm
Qmax(mgl/g)  Kg Ry R? Kr 1/n n R?
DCP 13.3850 0.1560 0.0535t00.8501 0.9782 29754 0.33173 3.0144 0.8828
(DCP -CS1) 14.9611 0.1498 0.0616t00.9014 0.9782 3.2600 0.3409 2.9328 0.94273
(DCP - CS2) 19.7941 0.2044 0.0699to 0.9550 0.9870 4.3643 0.3787 2.6401 0.9783

than those of k;». That clarification may be of pore
blockage as circumscription of the available vacant
space for diffusion in them.

Actually, the above three models could explain
the proposed sorption process to a definit extend,
but during the first minutes of the process, they
could not predict the high adsorption rate. External
mass transfer or surface diffusion most likely con-
trolled the initial stages, followed by chemical reac-
tion or a constant-rate stage, and diffusion produc-
ing a progressive drop in the process rate [42].

4.1. Adsorption isotherm studies

Adsorption isothermal studies are necessary for
illustrating the adsorption process at equilibrium
conditions. The isotherm of adsorption is defined
by certain constants that represent the adsorbent’s
affinity and can also be used to detect the ability of
adsorption. The adsorption of Fe?" ions from pol-
luted water using DCP, DCP-CS1 and DCP-CS2 is
thought to follow the isothermal adsorption model,
where the adsorbate maintains a dynamic equilib-
rium between the adsorpation and desorption at
constant temperature [43, 44].

In order to express the quantitative relationship
between the degree of sorption and the residual
solute concentration, two most commonly used
mathematical models were adopted: Langmuir

and Freundlich adsorption isotherms.

Langmuir isotherm assumes adsorabate mono-
layer coverage over the ahomogeneous adsorbent
surface and the adsorption to the surface of each
molecule has the same adsorption activation en-
ergy.

Freundlich isotherms conclude that with the
possibility of multilayer adsorption, aheteroge-
neous surface with anon-uniform distribution of
adsorption heat over the surface [43, 45].

The maximal (Fe?*) ions adsorption capacities
were evaluated by analyzing the experimental data
onto DCP, DCP-CS1 and DCP-CS2, as they provide
the greater removal efficiency. The data of Fe®*
ions adsorption by DCP, DCP-CS1 and DCP-CS2
were examined in accordance with langmiur ad-
sorption isotherm whose linearized equation was:

Ce/qe =Ce/qm + 1/ Kp.qm (7)

where q,, (mg /g) and Ky, (L /mg) are constants in
Langmuir’s equation which are referred to the max-
imal adsorption capacity. Also q, and C, parame-
ters represent the equilibrium adsorption capacity
and the equilibrium concentration Fe?* ions that
is remaining in solution, respectively. q, was deter-
mined as follows:

e =((Co-Ce) V) / m (8)

Where the initial concentration and equilibrium
concentration of Fe?* ions (mg/L) are C, and C,,
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Figure 4: Pseudo -second-order of Fe?" ions (pH=4.9), ad-
sorbed on DCP, DCP-CS1 andDCP-CS2 at conditions of 50
mg/L metal ions concentration, adsorbent mass 100mg/10
mL at 25+1°C

the volume of solution (L) is V, the mass of the ad-
sorbent material (g) is m.

A plot of C./q, vs. C, (Figure 6) gives a linear
trace with a slope of 1/q;, and intercept of 1/ Kz.q,.
On the basis of separation factor, Ry, given by a fur-
ther analysis of the Langmuir equation can be per-
formed.

Rp=1/(1+ K.Ce ) (9)

Where C, is a concentration of the solution at
which adsorption is carried out in the equilibrium
liquid phase, when (R;)value lies between 0 and 1
is favorable adsorption, while Ry, > 1 is unfavorable
adsorption, and Ry=1 is linear adsorption, while
the adsorption process is irreversible if R;= 0 [45].
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Figure 5: Intra-particle diffusion plot of Fe?* ions (pH=4.9),
adsorbed on DCP, DCP-CS1 and DCP-CS2 at conditions of
50 mg/Lmetal ions concentration, adsorbent mass 100 mg/10
mL at 25+1°C

The findings gained was also analyzed in accor-
dance with the Freundlich equation represented
as:

qe =log KrCe''" (10)

Express the linear form as:

log qe =log Kg + (1/n) log Ce (11)

While g, is the amount adsorbed (mg/g), C, is
the adsorbate equilibrium concentration (mg/L)
and Freundlich adsorption ability and adsorption
intensity constants, respectively are Kz and n.

A log q. vs. log C, plot (Figure 7) gives a lin-
ear trace with 1/n slope and log Kr intercept. The
(1/n) value in the range of (0 and 1) is a predicting
of adsorption intensity of (Fe?*) ions onto the ad-
sorbent and the type of isotherm to be irreversible
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Figure 6: Langmuir for Fe?* ions adsorbed on DCP, DCP-CS1
and DCP-CS2at conditions of 50-250 mg/L Fe?* ionsconcen-
tration, mass 100 mg/10 mL at 25+1°C.

(1/n=0), favourable (0<1/n<1) and unfavourable
(1/n >1) [45], The value of (1/n) describes the het-
erogeneity of the surface, becoming more hetero-
geneous as its value reaches 0. the value of n shows
the degree of nonlinearity between the concentra-
tion of the solution and the adsorption: if (n =1), is
linear adsorption; if (n <1), adsorption is a chemi-
cal process; if (n > 1), then adsorption is a physical
process [46, 47].

The isotherm parameters and regression coeffi-
cient (R%?) measured for the adsorption of (Fe?™)
ionsusing DCP, DCP-CS1 and DCP-CS2 are listed
in Table 5.

Adsorption of Fe?* ions on surface of adsorbents
DCP, DCP-CS1 and DCP-CS2 follow Langmuir and

T
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Figure 7: Freundlish for Fe?* jons adsorbed on DCP, DCP-CS1
and DCP-CS2 at conditions of 50-250 mg/L Fe?" ions con-
centration, mass 100 mg/10 mL at 25+1°C

Freundlich isotherms.The Langmuir monolayer
adsorption capacity obtained from this study is
13.38, 14.96 and 19.79 mg/g at 25+1°C for DCP,
DCP-CS1 and DCP-CS2, respectivitely. The result
of dimensionless separation factor (Ry) for adsor-
bents is between 0 and 1, indicated that of Fe2*
ions adsorption onto DCP, DCP-CS1 and DCP-CS2
is favorable.

Freundlich parameter (1/n) obtained from the
plot (Figure 6,7) falls between (0 and 1), value of (n
> 1) suggests the physical adsorption of Fe?* ions
onto DCP, DCP-CS1 and DCP-CS2.
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Table 6: Comparisons with previous works

adsorbent Removal efficiency Optimum condition for Ref.
removal
DCP 95% 475 mg/1 g of Co=50 mg/L, dose=0.1g,
adsorbent pH=4.9, 70 min This work
DCP-CS1 96% 480 mg/1 g of
adsorbent
DCP-CS2 98% 490 mg/1 g of
adsorbent
Zeolite Y 98% 0.25 mg/1 g of Co=1.15mg/L, dose= 4.5g, (48]
adsorbent pH=6.5, 60 min
Rice Husk Ash 98% 11.7 mg/1 g of Co=20 mg/L, dose=0.6 g, [49]
adsorbent pH=5, 60 min
Chitosan 100% 25 mg/1 g of Co=55 mg/L, dose=2.07 g, [50]
adsorbent pH=3-4, 360 min
Activated Carbon from 97.99% 78 mg/1 g of Co=20 mg/L, dose=0.25 g, (54]
Olive Stones by adsorbent pH=4.5,3h
Microwave
Activated Carbon from 97.99% 64 mg/1 g of Co=20 mg/L, dose=0.3 g,
Olive Stones by adsorbent pH=4.5,3h
Conventional Heating
Activated Carbon 88.07 % 14.5 mg/1 g of Co=16.6 mg/L, dose=1 g, [51]
Prepared from Coconut adsorbent pH=6, 80 min
Shell
Activated Biochar of 72.96% 1.5mg/1 g of Co=3mg/L,dose=1.5g, [52]
Colocasia esculenta adsorbent pH=7.75, 180 min
Granular activated 99.02% 5 mg/1 g of Co=10 mg/L, dose=2 g, pH=5,
. [55]
carbon adsorbent 10 min
Amberlite IR-120H 99.42% 5 mg/1 g of
adsorbent
Pomegranate peel 100% 67 mg/1 g of Co=20 mg/L, dose=0.3 g, (53]
carbon adsorbent pH=5-6, 40 min

5. Conclusions

Here, dicalcium phosphate (DCP) and dicalcium
phosphate-chitosan composites DCP-CS1 and
DCP-CS2 are characterized by XRD and EDX-SEM
and then used as adsorbents for Fe?* ions uptake
from waste water. The maximal uptake efficiency
for adsorbents at a range of pH=4.9 at contact time
70 min. with 50 mg L™!Fe?* ions concentration.
Adsorption of Fe?* ions onto adsorbents tends
to follow second-order kinetics with a high cor-

relation factor and the mechanism of adsorption
was chemisorption. The adsorption of Fe?* ions
on surface of DCP, DCP-CS1 and DCP-CS2 follow
Langmuir and Freundlich adsorption isotherm, the
adsorption is physical in nature and the maximal
adsorption capacity was found to be 13.38, 14.96
and 19.79 mg g~ ! (at 25+1°C), respectively. Finally,
study the effect of chitosan on calcium phosphate
showed that adsorbents can adsorb Fe?" ions suc-
cessfully due to having functional groups such
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as phosphate, hydroxyl and amino groups in its
structure.
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