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Abstract

In this study, lead ions were removed from simulated wastewater by batch adsorptive filtration. A three-dimensional printed water
filtration was designed using a blender and successfully synthesized from a PLA spool and a 3d printer machine. The filter surface
was treated with NaOH solution to hydrolyze the polyester group in PLA. After that, a-Fe2O3 was prepared by the coprecipitation
method and coated on the filter through doping and drying. a-Fe2Os was characterized by X-ray diffraction (XRD), Energy-
dispersive X-ray spectroscopy (EDX), and Brunauer-Emmet-teller (BET). The results successfully indicate the synthesis of a-Fe203
consisting of 67.3% Fe and 32.7% Oz. a-Fe203 appeared to have a surface area of 95 m?/g with distinct morphology and functional
group. The effect of initial Pb concentration (100-800) ppm and the effect of contact time (5-120) min on the removal process were
studied. Lab data was collected, and the adsorption was investigated kinetically. The 3d printed filter system coated by iron oxide
showed significant and promised results for wastewater treatment and lead ions removal using this technique. Also, the results
showed that the adsorption of Pb ions on the a-Fe20s surface fitted with the Langmuir model, with a correlation coefficient (R?) of
98.65%. The kinetic model’s investigations revealed that the pseudo-second-order model was the most fitted model for the process
with R2 of 99.997%. The highest adsorption saturation capacity was 165.2 mg/g adsorbent.
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1- Introduction
. . . improve living circumstances through the preservation of
As the population grows, industries are developed 10 paiyral resources [4]. The World Health Organization
meet the needs of the people. This increase relea}ses large (WHO), the US Food and Drug Administration (FDA),
amounts of wastewater that contain toxic, non-  ang the European Protection Agency (EPA) are among
biodegradable heavy metals into the water, harming e worldwide regulatory authorities that have established
aquatic life, human health, and the environment. It is  accentable limits for lead ions in drinking water, which
therefore imperative to treat the wastewater to remove it 50 5 parts per billion (ppb) for bottled water, 10 parts per
or bring its concentration down to an acceptable level billion, and 15 parts per billion, respectively [5].
using a variety of techniques [1]. The environment and  Nymerous techniques, such as chemical precipitation,
human health are seriously threatened by heavy metal  coagulation/flocculation, electrodialysis, electrochemical
ions, which are poisonous, persistent, and build up in processes, ion exchange, adsorption, and membrane
Iiving_ things. Ex_amples of these metals include arsenic, processes, have been employed to remove the toxicity of
cadmium, chromium, lead, and mercury. These metals are  haqayy metals from water [6]. Numerous factors, including
especially dangerous because they cannot be recycled.  \yaste type, contaminant concentration, required cleanup
Concern should be expressed about high concentrations of level, and economics, influence the choice of treatment
heayy metal ions in water systems, as they can result in a [7]. Adsorption appears to hold the most promise due to
variety of health problems [2]. o _ _its low cost, high efficiency, adaptable design, and
Pb (Il) is the reason for Anemia, irreversible brain  gimplicity of use. Because of their special qualities, such
damage, kidney dysfunction, and various nervous system ¢ 4 high specific surface area, many binding sites for the
symptoms.  Consequently, before releasing industrial  a4sorhates to be adsorbed, multiple functional groups, and
wastewater into ecosystems, it must be treated to remove  aonropriate pore size, nanomaterials are favorable

these hazardous metals [3]. The susta!nable dgvelopme_nt adsorbents in most typical adsorption systems. This
goals of the UN state that the prevention of diseases will
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makes them appealing adsorbents for the treatment of
heavy metal-polluted industrial wastewater [8].

It is commonly known that the adsorption process is
greatly influenced by the type of adsorbent used [9].
Researchers have used a wide range of adsorbent
materials to remove Pb(ll) and other metals from an
aqueous medium. These materials include rice husk
modified by phosphoric acid (PRH), Schiff's base
ZnO/aminated chitosan, DSDH ligand, thiosemicarbazone
modified chitosan, green reduced graphene oxide, UiO-
66-NH, MOF, activated carbon, and arginine modified
activated carbon [10]. Metal oxides have a high affinity
for metal ions and are inexpensive to produce, making
them an excellent Pb-adsorbent candidate. In comparison
to bulk materials, nanostructured metal oxide adsorbents
are more suitable for heavy metal ion removal because
they typically have a high surface area, controllable pore
size distribution, mass transfer promotion, and a large
number of surface-active sites [11].

Iron oxide-based materials are promising for the
removal of various organic and inorganic pollutants,
because of their stable structure and abundance on Earth.
Ferric oxide (Fe20s3) has multiple crystal structures under
natural conditions, including a -Fe;O3, § -Fe20s3, y -Fe03,
and o -Fe»03[12]. Iron oxide-modified media was highly
investigated, such as cement, iron-oxide-coated zeolite,
activated carbon, activated alumina, biomasses, polymers,
and carbon nanotubes (CNTSs) [13].

3D printing is a potentially useful technology for
meeting the need for a low-cost, electricity-free process
for filtering arsenic from water. 3D printing allows for the
rapid production of small quantities of robust, innovative,
and customized goods at low cost, as well as the
production of customized and complex objects on
micrometer-to-millimeter scales. Also, the technology can
be used without the need for traditional industrial
processes such as molding or milling [14]. "3D printed
reaction ware" is a term used to describe a 3D printed
device used in chemical reactions. Such three-
dimensional printed reaction ware holds promise as an
inexpensive, automated, and reversible chemical reaction
platform. Plastic is one material that can be employed as
reaction ware in 3D printing because it is inexpensive and
widely available.

Fused Deposition Modeling (FDM) is a widely used
printing technique that entails melting thermoplastics
using a heated nozzle and depositing the melted material
in layers. Therefore, shortages in the supply of necessities
in developing nations can be filled by producing desired
products on demand at a low cost through customization
[13]. PLA is the most widely used material for FDM due
to its ease of processing and commercial availability
which became popular in wastewater treatment recently
[15], (Kihoon Kim) manufactured a 3D printed filter
system from PLA using a 3D printer for the removal of
arsenic from wastewater [16]. Another researcher used
PLA to manufacture a 3D-printed biodegradable
membrane and compared it to conventional PLA
membranes [17]. PLA is known as a biodegradable
primary biopolymer derived from renewable resources,
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including sugarcane or maize starch. It is a thermoplastic
that degrades naturally and has strong absorbability and
biocompatibility qualities. With a glass transition

temperature (T) of 55 to 59 °C and a melting temperature

(Tm) of 170 to 180 °C, PLA is regarded as a
semicrystalline  polymer  [18].  Bioplastics or
biodegradable polymers are promising candidates to
replace fossil-based plastics since they use renewable
resources and have much lower greenhouse gas emissions
(GHE) [19].

In this research, a 3D-printed water filtration system
was manufactured, hydrolyzed, and coated by synthesized
a-Fe;0s3 following the method mentioned in the literature
[13]. After that, a study was done on the effect of initial
concentration and contact time on the removal of Pb ions
from wastewater by batch adsorptive filtration. Finally,
several adsorption isotherms and kinetic models were
investigated to describe the process.

2- Experimental work

2.1. Materials

All materials that were purchased and used during the
experiments are listed in Table 1.

Table 1. The Materials that were used for the Study Work

Chemical

Material Formula Appearance Supplier
Hydrochloric 0 - BHD

acid HCI32% Liquid laboratory
Sodium . . .
hydroxide NaOH White powder Sigma-Aldrich
Distilled - .

water H0 Liquid University Lab
Lead nitrate Pb (NO:s), White powder Sigma-Aldrich
PLA spool N/A White solid Creality

Iron chloride FeCl Black powder Eisen-Golden

Laboratories

(1

2.2. Laboratory apparatus and equipment

The laboratory apparatus and equipment used in this
research are listed in Table 2 as follows:

Table 2. Laboratory Apparatus and Equipment

No. Labora_tory Apparatus Mo_d_el o Function
or Equipment Origin
1 Oven Italy Heating
- . Ender 3 v2  Manufacturing
2 3D printing machine neo/ China  of filters
Homogenizing
I . solution  with
3 Magnetic stirrer China or without
heating
pH level
4 PH meter USA measuring

2.3. 3D printed filter manufacturing.

The model of the filter was designed using the blender
app. The filter dimensions were 50 mm in diameter and
50 mm in height. The designed models have been
exported from Blender in (STL) form data to be imported
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to a reality 3D printer machine. The 3D printer that was
used has a nozzle of (0.4 mm) for melting and depositing
the PLA filament through the calculated pathway and
fabrication filter with 70% infill as shown in Fig. 1 3D
printed filters.

Fig. 1. 3D Printed and Coated Filter by Iron oxide

2.4. Adsorbent preparation

Adsorbent preparation was done following the work of
(Kihoon Kim). The iron hydroxide was synthesized by a
simple co-precipitation method under mild conditions. In
an aqueous solution, FeCl; and NaOH were combined to
precipitate Fe(OH)s. 400 ml of FeCls (0.025 M) was
mixed for a minute at 700 rpm, while 300 ml NaOH
(0.025 M) was added to the solution during stirring. Since
Fe (OH); particles are highly insoluble in water,
insolubility is maximized by adjusting the pH to raise the
amount of Fe(OH)s that was deposited onto the filters. By
gently adding 0.1 M of each NaOH and HCI to the
solution and stirring, the pH was brought to 8.0. Fe(OH);
particles were precipitated to the beaker's bottom within
minutes.  After removing the supernatant, the
concentration of Fe(OH); was increased until 300 mL of
solution was left.

2.5. Hydrolyzing and a-Fe;Os coating of filters

Following the procedure of [13]. Iron oxide coating and
hydrolysis were used for surface treatment. For
hydrolyzing of the polyester group, which was presented
in PLA, a solution of NaOH (10 M) has been poured
throughout the filter’s channels. After that, the 3D-printed
PLA filters were repeatedly dipped into and removed
from the solution. The filters underwent a 12-hour drying
process at 60 °C in an oven to convert iron (111) hydroxide
to iron oxide (hematite). 1 L of tap water was run across
each filter following the drying process to remove the
excess amount of a-Fe,Os; nanoparticles from the filter.
Again, the steps of soaking, lifting, drying, and washing
were carried out. The adsorption of iron (lll) oxide
appears as rust on the filter's surface, which is brown due
to the iron (I11) oxide solution's initial brown color. This
color shift indicates the adsorption of iron (I11) oxide onto
the filter. The filter was weighed up both before and after
the loading procedure to allow us to calculate the amount
of a-Fe,O3 that was loaded onto it all process as displayed
in Fig. 2. The coating process was repeated several times
to increase the amount of a-Fe;0Os
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Fig. 2. Schematic Diagram of the Experimental Setup
2.6. Batch Adsorption of Pb ions

Different amounts of Pb(NOs), were mixed with
distilled water to prepare simulated wastewater lead
samples with concentrations of 100-800 ppm. The batch
adsorption experiments were performed in a 500 ml glass
bottle placed in a shaker. A 3D-printed filter containing 1
g of a-Fe;Os was immersed in 250 ml of simulated
wastewater, and the pH level was adjusted to 6.5. After
preparing the samples in the flaxes, they were closed to
prevent spilling throughout the shaking. The mixture was
shaken at a constant rotation speed of 150 rpm.
Adsorption treatment started by varying the initial
concentration of Pb ions within the range of 100-800 ppm
for 120 min then the effect of contact time was studied
within the range of 5-120 min. After that, the samples
were analyzed by atomic adsorption spectrophotometer
(AAS) to determine the concentration of residual Pb ions.
Finally, the percentage of removal (%R) and adsorption
capacities (qe. and q;) of Pb ions were calculated using the
following equations:

%R = C"C‘C %100 (€
qe = ?x V at constant mixing time (2)
qt = %x V atdifferent mixing time (3)

Where: C,: the initial Pb ions content in simulated
wastewater. C: the measured Pb ions content in simulated
wastewater. g.: adsorption capacity at equilibrium mg/g.
q:: adsorption capacity at sampling time mg/g. V: volume
of wastewater in Liter. M: mass of adsorbent in grams.
Co, Ce, and C; are Pb ions content at initial, equilibrium,
and intervals sampling time respectively in ppm.

2.7. Adsorption isotherm models

Adsorption isotherms provide a clear description of the
relationship between the quantity of the adsorbent (ge)
and the remaining content of the adsorbate (Ce) under
equilibrium state and constant temperature conditions
[20]. By utilizing adsorption isotherms, one can fully
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understand the relationship between the dissolved
compounds and the adsorbent in the solution, determine
the ideal adsorption conditions by examining the nature of
adsorption, and quantify the adsorbate concentration in
the case of a liquid and the pressure in the case of gas
[21]. Additionally, when the process reaches an
equilibrium state, adsorption isotherms illustrate how
molecules are distributed in the medium of the liquid and
solid phases. The phenomenon of adsorption is classified
based on the relationship between the quantity of
adsorbate and the surface temperature of the adsorbent.
However, as new equilibrium forms, the concentration
also changes proportionately [21].

The Langmuir model allows for the determination of
whether a monolayer is adsorbed or not; otherwise, no
contact between the adsorbed molecules is possible. The
Langmuir equation holds for a single monolayer adsorbed
with a well-defined number of energetically identical and
uniform adsorption sites [22]. Eq. 4 and Eg. 5 are the
mathematical equations that describe the Langmuir
adsorption isotherm for the linear case [8].

_ qmax-KLCe
14K, Ce

(4)
®)

e

1 —_

de AmaxKL Ce

1 1 1

dmax

Where: q.: adsorption capacity when equilibrium is
achieved described by units of mg/g. C.: the adsorbed
concentration at equilibrium by units of mg/l. Qumax:
adsorption capacity at maximum by units of mg/g. Kv: the
Langmuir constant expressed the binding sites in units of
I/mg.

The Freundlich model assumed that the adsorption
process occurs in a multilayer suspension and that the
molecular distribution is heterogeneous on the adsorbent's
surface [9]. Eq. 6 is a mathematical illustration of the
isotherm. Whereas Eq. 7 is the linear form of the
Freundlich isotherm model [23].

(6)
O

1
qe = Kg Cen

Ing, = anF+%lnCe

Where: q.: represents adsorption capacity when
equilibrium is reached (mg/g). Kr: is known as the
Freundlich constant which represents the calculated
capacity of adsorption [( mg.g~1).( mg=1)™]. n: is the
intensity value for adsorption which determines
adsorption type.

Temkin's model describes adsorption as a uniform
distribution of binding energy up to the maximum value.
The quantity of metal ions adsorbed was directly
correlated with the number of active sites on the surface
of the adsorbent material. Using Temkin's model, we can
determine the adsorption energy and the interactions
between ions and GO. [8]. To apply the Temkin isotherm,
use Eq. 8 [24].
qe =BInK;+ BlInC,

®)
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Where B and Ky are the Temkin energy constant

(J/mol) and the constant describing the interaction
between Pb  molecules and adsorbent surface
(dimensionless), respectively.

2.8. Adsorption kinetic models

The rate at which contaminants move from the liquid
phase to the adsorbent surface at variable values is known
as the adsorption kinetic. The goal of studying adsorption
kinetics is to predict the mechanism underlying
adsorption phenomena. Primarily, the pseudo-first-order
model and pseudo-second-order model are utilized to
examine adsorption kinetics [8, 25].

The pseudo-first-order assumed that adsorption was
thought to form in a single layer on the surface of
adsorption between the liquid and solid phases,
additionally, to depict the initial stages of adsorption
phenomena, the pseudo-first-order model was assumed.
This model is represented by Eq. 9 [8]
n(q.—q)=lng— fat )

Where: q; is the adsorbate quantity that the adsorbent
takes in a specific time (mg/g), q. is adsorption capacity at
equilibrium (mg/g) and ki is the rate constant (1/min).

The pseudo-second-order kinetic model forecasts
behavior across the entire adsorption range based on the
supposition that chemical sorption, or chemisorption, is
the rate-limiting step, under these circumstances, the
adsorption rate depends more on the adsorption capacity
than the adsorbate concentration. The linearized Eq. 10 of
this model is stated as follows [26].

1
k2qe?

1

de

t_
qc

(10)

Where: qi: the amount of adsorbate which adsorbent
adsorbed in a specific time (mg/g). q.. Capacity of
adsorption at equilibrium (mg/g). K.: Constant rate
(2/min).

3- Results and discussion

3.1. Characterization of adsorbent

The crystallographic characteristics of o-Fe,Oz were
examined by XRD; the synthesized powder sample's
XRD pattern is displayed in Fig. 3. The peaks that show
up at 24.16°, 33.12°, 35.63°, 40.64°, 49.47°, 54.08°, and
57.42° are the pure a-Fe;O3 nanoparticles' 012, 104, 110,
113, 024, 116, 214, 300, 028, 119, and 200 crystalline
structures. The formation of the hematite phase is
indicated by the highest peak in the XRD pattern of pure
a—Fe;03, which is located at approximately 33° and
corresponds to the (104) plane. There was no peak visible
that corresponded to the other phases of the iron oxide.
The hematite products' narrow and sharp peaks suggested
that they were highly crystalline, which suggested that
this preparation method is responsible for the high purity
of the synthesized hematite particles. The result agrees
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with these previous studies [27, 28]. BET technique
revealed that the surface area of the synthesized a-Fe;Os
was 95 m?/g. The synthesized a-Fe:Os appeared to consist
of 67.3% Fe and 32.7% O; as indicated by the EDX
technique.
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Fig. 3. XRD Pattern of Synthesized a-Fe20

3.2. Effect of initial concentration

Fig. 4 illustrates the effect of the initial concentration of
Pb ions on the adsorption within the range of (100-800)
ppm under the conditions of 120 min of contact time,
room temperature, 150 rpm speed of shaking, 1 g of a-
Fe,O3 adsorbent coated on the filter’s surface area, and
the volume of simulated wastewater was 250 ml. The
removal efficiency of Pb ions was more than 99% for the
initial concentrations within a range of 100-200 ppm
while it decreased to 82.6% at 800 ppm. The highest
removal achieved was 99.4 at 100 ppm while the highest
capacity was 165.2 mg/g at 800 ppm, this result was close
to an earlier study [29]. Where adsorption capacity was
found to be 169.49 mg/g. This can be attributed to the
high quantity of adsorbent active sites compared to the
amount of Pb ions presented in the solution.

Effect of initial concnetration

120
100
80
60

%Removal

40

20

0 1 1 1 1 J

0 200 400 600 800 1000
Ci (ppm)

Fig. 4. The Effect of Initial Concentration of Pb*2 lons on
the Removal Efficiency

3.3. Effect of contact time

Fig. 5 shows the effect of contact time within a range of
5-120 min on the efficiency of removal of Pb ions under
conditions of 800 ppm of Ph, 150 rpm of shaking speed, 1
g of a-Fe,O3 adsorbent coated on the filter’s surface area,
and the volume of simulated wastewater was 250 ml.
Most of the removal occurred within the first 5 minutes of
the process. A fast adsorption of Pb with 77.8% removal
from 800 ppm to 177.6 ppm was achieved after 5 minutes
while it reached about 82.6% after 120 min. It is obvious
that the highest removal efficiency occurred in the first
five minutes then the process efficiency decreased. At the
beginning of the process, there was the access of a-Fe;O3
active sites to adsorb Pb ions but as time passed, the
equilibrium was reached and the active sites became
saturated and had no more ability to adsorb the ions [30,
31]

Effect of contact time
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Fig. 5. Effect of Contact Time on the Removal Efficiency

%Removal

3.4. Isotherm model

The application of Egs. 5, 7, and 8 results in Fig. 6, Fig.
7, and Fig. 8 display the parameters and correlation
coefficients for each adsorption isotherm. Table 3 shows
that the Langmuir isotherm was the most appropriate for
Pb ions removal since R? (98.65%) was the closest to
unity. This result is in line with the previous works [29,
32, 33]. For the specified concentration range, the
Langmuir isotherm confirms the presence of the adsorbate
monolayer (Pb) at the adsorbent surface. According to the
Freundlich adsorption isotherm equation, n had a value of
2.97.

Table 3. Parameters of Adsorption Isotherms

Langmuir Freundlich Temkin
KL gm R2 KF R2 BT KT R2
0.376885 133.333 98.65% 37.222 2.97 95.41% 34.744 0.999 97.77%
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Langmuir
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Fig. 6. Adsorption Isotherm Model Langmuir
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Fig. 7. Adsorption Isotherm Model Freundlich
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Fig. 8. Adsorption Isotherm Temkin
3.5. Kinetic model

Two commonly used models, the pseudo-first order and
pseudo-second-order models, have been used to calculate
the Kkinetic data for the adsorption of Pb ions on Fe,Os3 as
an adsorbent. The two applied models' correlation factors
and other parameters are listed in Table 4. As can be seen
from Fig. 9, and Fig. 10, the pseudo-second-order model,
which has the highest correlation factor for applied
models, was very close to unity (99.997%), making it the
best model to represent and describe the experimental
data. The pseudo-second-order was a good model to

56

describe Pb ions removal by adsorption, according to
several prior studies [11, 29].

Table 4. Parameters of Kinetic Models

Pseudo-1% order Pseudo-2" order

ge K1 R? ge K2 R?
13.1602 0.00028 20.05% 163.934 0.01861 99.997%
5 Pseudo-1st order
4 Q
53
b R2=0.2057
Z
c 2
—
1
0e
0 20 40 60 80
Time (min)

Fig. 9. The Pseudo-First-Order Model of Pb(ll)lon
Adsorption

_ond
04 Pseudo-2"? order

0.35
0.3
0.25
Fo2
0.15
0.1
0.05

R*=0.9997

20 40
Time (min)
Fig. 10. The Pseudo-Second-order Model Pb(ll)lon
Adsorption

60 80

4- Conclusion

Characterization techniques confirmed the successfully
synthesized of o -Fe;O3. XRD phase pattern showed the
exact peaks of a -Fe;Os, and the surface area was 300
m2/g as a result of the BET. High and fast removal of Pb
ions was achieved, the 3d filtration system coated with o -
Fe»03 could achieve 99% removal for 100-200 ppm of Pb
ions while it decreased to 82.6% for an initial
concentration of 800 ppm. The adsorbent had a Pb ions
adsorption capacity of 165.2 mg/g which is higher than
the previous studies. The Langmuir isotherm was the
most fitted to describe the adsorption process with R? of
98.65%. Also, the studied kinetic models indicate that the
adsorption removal followed the pseudo-second-order
with R2 of 99.997%.
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