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ABSTRACT

The present study utilised date palm fibre (DPF) waste residues to adsorb Congo red (CR) dye from aqueous
solutions. The features of the adsorbent, such as its surface shape, pore size, and chemical properties, were
assessed with X-ray diffraction (XRD), BET, Fourier-transform infrared (FTIR), X-ray fluorescence (XRF),
and field emission scanning electron microscope (FESEM). The current study employed the batch system to
investigate the ideal pH to adsorb the CR dye and found that acidic pH decolourised the dye best. Extending the
dye-DPF waste mixing period at 25 °C reportedly removed more dye. Consequently, the influence of the starting
dye and DPF waste quantity on dye removal was explored in this study. At 5 g/L dye concentration, 48% dye
removal was achieved, whereas at low dye concentrations, only 40% of the dye was removed. The current study
also evaluated the DPF particle size created for dye adsorption, yielding a 66% optimal powder size removal.
The heat impact assessment performed in this study indicated that increased temperature affected the amount
of dye eliminated from aqueous solutions, where a 72% removal was recorded at 45 °C. The pseudo-first- and
pseudo-second-order models were utilised to predict the maximum CR dye adsorption with DPF waste. Resul-
tantly, the Langmuir-Freundlich experimental DPF waste CR adsorption documented pseudo-second-order ki-
netics. In a fixed bed reactor, the DPF waste has been reported to remove CR dye constantly. Consequently, sev-
eral factors affecting the removal process, including the effects of primary dye, the flow rate of the liquid inside
the column, the depth of the filling inside the column, and flow rate were assessed. The results were simulated
in the COMSOL® program and compared to practical experiments, which yielded a 99% match. Conclusively,
DPF waste could remove several colours from wastewater via active removal.

Keywords: adsorption, Congo red dye, batch adsorption, continuous adsorption, COMSOL.
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INTRODUCTION

In recent years, water pollution due to leak-
ages of significant amounts of poisonous dyes,
heavy metals, chemical, and biological contami-
nants from different sectors into the groundwater
and surface water, has become a serious environ-
mental issue (Hasan and Ahamd, 2019). Although
the textile sector primarily utilises the majority of
dyes manufactured globally, dyes are also widely
employed in numerous manufacturing industries,
including fabrics, skincare, wood, plastic materi-
als, printers, insecticides, petrochemical, paint-
ings, and medicines (Chebli et al., 2014).

Dyes are among the major contaminants in
wastewater that are significantly harmful to hu-
mans as they are permanent and non-biodegrada-
ble. Consequently, the polluted water from the in-
dustrial sectors, which includes dyes discharged
into the water flow, also impacts the ecosystem
(Subramaniam and Kumar Ponnusamy, 2015).
The hazardous chemical by-products in the dyes
do not only have adverse effects on human health
and the environment, but the colours in the dyes
might disrupt photosynthetic activities, where
they obstruct sunlight paths through water layers,
preventing the light from reaching aquatic crea-
tures and plants (Chan et al., 2016; Yagub et al.,
2012). Consequently, the dye-polluted water re-
quires treatment to remove the environmentally
damaging substances.

Researchers have been seeking alternative,
environmentally friendly, and low-cost approach-
es to remove dyes from water. Several methods
for removing colours from wastewater include
coagulation/flocculation (Zhou et al., 2014), ox-
idation/ozonation (Malik and Saha, 2003), mem-
brane separation (Ciardelli et al., 2001; Tan et al.,
2015), photodegradation (Gardiner and Borne,
1978), and biological process (Ledakowicz et
al., 2001). Nevertheless, most of the traditional
approaches are ineffective and typically cost-
ly (Chen et al., 2013). Adsorption technology is
one of the most common, desirable, and available
technologies for removing dyes. Nonetheless, al-
though activated carbon has been acknowledged
as one of the finest techniques to treat the water
contaminated by biological and chemical con-
taminants due to its wide contact area and a large
adsorption capacity, the method is very expensive
(Ahmad and Alrozi, 2011; Depci et al., 2012).

Typically, the wastewater from painting pa-
per mills and pharmaceutical plants contains
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cationic dyes (Zhang et al., 2013). Congo Red
(CR) (C,H,NNaOS) is the most widely
employed dye in the industry. However, CR in
wastewater 1s an issue, since it harms the envi-
ronment and human health. Consumption of the
water containing CR dye could cause symptoms
such as vomiting, tissue necrosis, and cyanosis in
humans. Consequently, the World Health Organ-
ization (WHO) recommended removing the dye
from wastewater (Al-bayati and Najim, 2022).

Well water or groundwater is the primary
source of water for a majority of the global pop-
ulation, particularly in dry regions. In Iraq, ap-
proximately 50% of fresh water is obtained from
clean groundwater. The source also supplies
around 56% of the water consumed in the United
States. Groundwater refers to the water gathered
under soil. The water is deposited from outside
surfaces due to geological formations on earth.
Nonetheless, the water is often contaminated
with CR dye from industries and other human
activities. Groundwater pollution significantly
impacts the nations that rely on the water source
as their clean water source.

Low permeability barrier (LPB) and extraction
wells could be employed for waste containment
in underground environments to limit the on-site
movements of water and restrict off-site activities
of different molecules. Large amounts of liquid
could infiltrate landfills via irrigated agriculture
or precipitation, thus, the water movements in
the waste material layers would produce effluents
accumulating upon the liners. Nevertheless, lin-
er failures due to any reason would result in lea-
chates entering the natural areas, contaminating
soil and groundwater. Consequently, containment
vessels are necessary to preserve the subterranean
regimes. The system must include a bottom liner
and a landfill cover to avoid water intrusion.

Numerous researchers have examined alter-
native ionic dyes adsorption approaches. For ex-
ample, Zhang et al. (2013) (Zhang et al., 2013)
examined the viability of removing cationic dyes
from wastewater by adsorbing them onto sugar
cane, while Yagub et al. (2012) (Yagub et al.,
2012) adsorbed colours from water onto pine
trees. Another study (Chan et al., 2016) employed
other species, including pineapple as adsorbents.
Consequently, the technique eschewed the utili-
sation of activated carbon in favour of safer and
cheaper methods. Adsorption is also advanta-
geous when employed to purify raw wastewater,
as it reportedly reduces operating cost, eliminates
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complicated organic compounds, and produces
low residue levels (Saravanan et al., 2020).

Mesopotamia is distinguished by its palm trees,
particularly in the southern parts. Palm plants com-
prise of trunks, peduncle bases, fronds, and thorns
(fruits). During the harvest season, palm trees pro-
duce significant date waste that is often employed
as animal feed, burnt or buried, which might be
detrimental to the environment (Abed et al., 2022).
Nevertheless, the wastes could be utilised for the
adsorption of cationic dyes in water.

Considering that dyes are dangerous to hu-
man health, the current study aimed to purify the
groundwater that has been directly or indirectly
exposed to pollution. This study evaluated the po-
tential of palm waste fibres to absorb the CR dye
from contaminated ground water. The adsorption
process was examined, and contemporary mo-
lecular-level interpretations were offered. The
comprehensive examination of experimental and
theoretical data revealed novel understanding of
the adsorption of the dye with the materials pro-
cured. Moreover, the results yielded the outcomes
describing the qualities of the adsorbent.

The current study performed CR dye removal
via batch process at a laboratory level and deter-
mined the different conditions that could affect the
removal efficiency from groundwater. Subsequent-
ly, a fixed-bed reactor adsorption system was eval-
uated empirically in a research facility tower under
restricted operating conditions. A one-dimensional
(1D) simulation was also created in COMSOL®
Multiphysics to investigate the CR removal effec-
tiveness and adsorption bed saturating duration.
Subsequently, the model was verified in accord-
ance with the experimental observations obtained.

MATERIALS AND METHODS

Adsorbate

A gram of the CR dye (CAS number 573-58-
0, molecular weight: 696.66 g/mol, maximum ab-
sorbance: 498 nm; Sigma-Aldrich) was dissolved
in a litre of distilled water in a volumetric flask
to obtain a dye at a 1,000 ppm concentration. Al-
ternatively, the appropriate amount of adsorption
solution was first dissolved in distilled water, al-
lowing the desired concentration to be attained.
Subsequently, hydrochloric acid or sodium hy-
droxide (Sigma-Aldrich) was added to the dye
solution to achieve the desired pH value.

Preparing and characterising the
date palm fibre adsorbent

Discarded date palm fibre (DPF) wastes
were gathered from Iraqi agricultural areas in
the southern district of Baghdad. The mate-
rials were then rinsed with distilled water to
completely eliminate any contaminants be-
fore being ambient air-dried for 24 h. Subse-
quently, the DPF were heated at 60 °C for 24 h.
The waste material was then crushed and sieved
with a 0.45 pum-pore membrane (Whatman, Ger-
many) to remove the particles between 125 and
250 pm long. Next, the DPF waste fraction was
washed numerous times with distilled water and
dried at 48 °C for 48 h. When completely dried,
the adsorbent was kept in airtight containers.

The present study employed an XRF spec-
trometer (ZSX Primus II) to determine the ele-
mental structure of the DPF adsorbent obtained.
On the other hand, the surface chemistry groups
of the material were assessed with a Nicolet iS5
FT-IR spectrometer (Thermo Scientific) at a
5504000 cm™ scanning spectrum. Moreover,
this study employed a surface area and porosity
analyser (Micromeritics, ASAP 2020) with nitro-
gen adsorption at 77 K to calculate the surface
areas of the adsorbents. The surface morpholo-
gies of the adsorbents were also observed through
FESEM at a 12.5 kV accelerating voltage.

The batch experiments

During the thermal and an adsorption kinetic
analyses of this study, the impacts of the major
factors on the adsorption capabilities of the adsor-
bent, including pH, treatment time, starting dye
concentration, and temperature, were determined.
Mixtures of 100 mL of the CR dye and 0.3 g of
every adsorbent prepared were filled in conical
flasks before being shaken in a shaker (Grant
Instruments Ltd) at 25 °C and 150 rpm. After a
certain period, the samples were centrifuged. The
concentration of dyes in the liquid phases was as-
sessed with an ultraviolet-visible spectrophotom-
eter (UV-Vis) (Shimadzu UV-1800, Japan) at 668
nm. The quantity of dye adsorbed at equilibrium
was determined according to equations (Abed et
al., 2022; Saravanan et al., 2020).
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Co — Le
RE% = —Co
where: C, and Ce (mg/L) — the initial and the equi-
librium liquid-phase dye concentrations,
respectively;
V — the volume of the solution (L);

m — the mass of adsorbents (g).

2

The continuous experiments

This study assessed the possibility and abil-
ity of DPF waste to continuously remove dyes
from wastewater. A fixed bed reactor containing
the prepared DPF adsorbent was designed with
plexiglass plates of a 6.157 x 107® m? cross-sec-
tion area and 0.1 m deep, as shown in Figure 1.
The specifications of the fixed bed reactor are

Table 1. The properties of Iraqi soil used in this study

Property Value Iraqi soil
Sand (%) 96.5
Hydraulic conductivity (cm/s) 2.2-10°
Cation exchange capacity (meqg/100 g) 213
pH 7.7
Bulk density (g/cm?®) 1.39
Organic content (%) 0.26
Porosity 0.47

10p view

Side View

240
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listed in Table 1. In the system, the DPF waste
was reinforced from the top and bottom with 10
cm of sand from Iraqi soil, which served as the
porous media. The soil particles employed var-
ied from 0.075 to 1.18 mm at an average diam-
eter (d50) of 0.43 mm. The soil was primarily
composed of silica (up to 94%) and clay ele-
ments, since bentonite is the main component in
the World Food Summit.

The CR dye-contaminated solution pre-
pared in this study was introduced from the
bottom of the sand fill in the fixed bed reactor
at different concentrations (10, 25, and 50 mg/1)
and flow rates (25, 50, and 125 ml/min) to as-
sess the aspects affecting the adsorption pro-
cess. Water samples were then collected from
different sectors of the reactor system every 5
min for 405 min. Subsequently, the dye con-
centrations of the samples were immediately
determined with UV-vis.

During the continuous experiments in this
study, the adsorbent particle size in the reactor
was maintained at 0.0007 m. Sampling sites were
installed at three areas denoted as ports 1, 2, and 3.
The initial concentration of the contaminated
solution before being introduced into the fixed-
bed reactor was gathered at port 1, while port
2 allowed the collection of the CR-polluted
solution after the liquid had flowed 50% of the

=)

O---

Clean water

Sand OPF waste Sand

Front View

Figure 1. Schematic diagram for components of the experimental set-up
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column height. At port 3, the concentration of the
CR-contaminated solution post-flowing 100% of
the column height was accumulated. The collec-
tion of the samples from the ports allowed mon-
itoring of the CR adsorption process by the DPF
waste adsorbent.

Initial CR-polluted solutions at 25 mg/L at
25, 75, and 125 L/min flow rates, a 50 mg/L
solution at 25 L/min, and 50 mg/L at 25 L/min
were introduced to the reactor with a peristaltic
pump. The assessments in this study were con-
ducted at room temperature. The CR-containing
solution samples in this study were withdrawn
at the sampling ports with stainless steel nee-
dles. The concentrations of removed pigments
from the samples were determined by spectro-
photometer analysing the dye interactions or
influence on the dye solution or adsorbent in 2
mL amounts for each sample tested.

The current study designed a simulation
model for a 10 cm-tall fixed-bed system with
the COMSOL® program. The program em-
ployed physics-based built-in features to gener-
ate meshes suitable for the selected parameters.
The quality and effectiveness of the design was
evaluated through numerous indicators speci-
fied. For example, orthogonality is a critical
quality standard. Cell deviations and vectors
from the cell centre point to each face and their
corresponding region vectors and the vector
from the centroid of the cell to the centroids
of each adjacent cell determine the criteria. For
this study, the minimal diagonal quality for all
cellular processes was set to over 0.01, with a
substantially higher mean value. The numerical
data for the critical mesh obtained in this study
are summarised in Table 2.

While considering the mix occurring in
the aqueous phase, the pressure gradient of the
aqueous phase was assumed unchanged during
the continuous mode operation conducted in
the current study. Moreover, the temperature

Table 2. Numerical data for the critical mesh

No. Parameter value
1 Sequence selected in Physics-controlled
COMSOL® mesh
2 Element size fine
3 Shape of elements Triangular
4 Edge elements 2431
5 Maximum growth rate 0.125 L/min
6 Average growth rate 0.075 L/min
7 Expressions 8

was presumed identical across each experi-
ment. The CR adsorbed from the aqueous solu-
tions was analysed with the COMSOL® simu-
lation before employing the “saturated solute
transport” modelling technique. The interac-
tion offered a condensed modelling environ-
ment to analyse and assess different molecule
developments, which were diffused across the
ecosystem.

The expected diluted species were recorded
at the physical interface, indicating that the quan-
tities of the substances were significantly lower
than those of a solid or liquid medium. The 1D
equation for the COMSOL simulation is repre-
sented by Equation (3) (Solangi et al., 2022).

92C doC_r 0dcC
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The formula describes transport operations
and conversion. Nonetheless, the final step is
indicated by the response term r of the equation.
The phrase is replaced by a plus sign, denoting
the pollution sources, and a minus symbol, cor-
responding to the sink reactions. The removal
of pollutants within the tower was governed
by adsorption, reflected by the negative sign in
Equation (4) (Nouh et al., 2010). From Equa-
tions (3) and (4):
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The general Langmuir formula could be rep-
resented as follows:
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From equation 5 and 6 find that:
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The formula was quantitatively determined
with COMSOL® Multiphysics, which depend-
ed on the finite element technique, where n is
the porosity of adsorption in the packed col-

umn and py, denotes the bulk density of the bed
(kg/cm?).
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RESULTS AND DISCUSSION

Adsorbent characterisation

The Fourier-transform infrared analysis

The Fourier-transform infrared (FTIR) is
a straightforward and trustworthy method em-
ployed extensively in molecular and elemental
chemicals as well as experimental and industrial
processes. The technique is utilised extensively
in quality assurance and fluid assessments. The
FTIR results of both samples (before and after
adsorption) in the current study were almost iden-
tical. The data obtained also demonstrated numer-
ous adsorption regions, as indicated in Figure 2,
which depicts the DPF waste sample before and
after being employed in the adsorption process.
The results demonstrated the differences between
the surface characteristics of the organic com-
pounds prior and after adsorption (Mohammed
and Mohammed-Ridha, 2021).

The DPF waste sample in the present study
recorded different FTIR apparent peaks, one of
which was at 3797.2 cm™!, attributable to the
O-H group (3213.41-3863.42 cm™') (Uddin et
al., 2017). The vibrational O-H bond peaks have
been documented in substances including water,
dyes, alcohols, and phenols. Another peak was
observed at 2921 cm™!, which corresponded to
the carbohydrate (C-H) group (2920-2844 cm™!)
(Zhang et al., 2011). The findings might be due to
the presence of aliphatic compounds-containing

fatty groups. A peak documented with a 1733
cm! wavelength was consistent with the C=H
bond Cal6 zhall, the group of carbohydrates
between 1725-1745 cm™!. New transitions were
also observed at 1733, 2356, 1958, and 1945
cm™'. The values indicated potential interactions
between the DPF waste and the CR dye. General-
ly, spectral bands under 1000 cm™ (Belala et al.,
2011) indicate metal oxides.

The field emission scanning electron
microscopy analysis

The field emission scanning electron micros-
copy (FESEM) is an electron microscopy method
that produces high-resolution images of the sur-
faces of samples by directing a focused beam of
electrons onto the samples. The technique could
reveal the structural, shape, and compositional
information of the materials assessed at minute
scales. Furthermore, FESEM possesses a wide
application range, including examinations of ma-
terial microstructures, nanoparticle surface char-
acterisations, and biological surface feature eval-
uations. Consequently, the approach is frequently
employed in research and development in materi-
als sciences, physics, as well as engineering field
and in industrial settings to assess quality and de-
tect failures (M-Ridha et al., 2022).

The surface structure of the DPF waste sam-
ples in the current study was observed through
FESEM in a laboratory of the Ministry of Science
and Technology in Baghdad, Iraq. Figure 3a il-
lustrates the surface conditions of the DPF waste

T %

T T I
4000 3500 3000 2500

T I T
2000 1500 1000 500

Wavenumbers (cm™)
Figure 2. FTIR analysis (a) raw DPF and (b) CR adsorption by DPF
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Figure 3. FESEM analysis (a) raw DPF and (b) CR adsorption by DPF

before it was employed to adsorb the CR dye,
while Figure 3b depicts the sample after being uti-
lised. The maximum pore of the DPF waste sam-
ple, before it was employed, was within the 41-50
nm range, but after adsorption, the pores were be-
tween 34 and 70 nm. Furthermore, the pores of
the used DPF waste sample were filled with the
CR dye. The results demonstrated that decreasing

Table 3. Specific BET characterization for DPF

the surface area of the sample increased its contact
area with the liquid, which ultimately enhanced
the amount of dye adsorbed from the liquid.

The BET assessment

BET analysis measures the permeability of
a structure by analysing the adsorption of a gas

Sample weight 0.0634 [a]
Cold free space 34.6184 [cm3]
Worm free space 11.4473 [cm?]
Equilibrium time 10 [sec]
Adsorption temperature -196.15 °C
Adsorptive N2
Surface area 0.7502 m?/g

BET plot
g-alpha/Qm 0.307 [cm3(STP) g']
Average particle size 5815.9661 Nm
BET area surface 0.1687 [m2 g™
Qm.C 0.0039 [cm3(STP) g]
Total pore volume (p/p,=0.990) 0.016 [em® g
Mean pore diameter 60.814 [nm]
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(commonly nitrogen) onto the surface of a mate-
rial. The acronym BET refers to the names of the
scientists who introduced the process in the 1930s.
The quantity of gas adsorbed under different pres-
sures is employed to calculate the particular sur-
face area of the material, which according to the
BET formula is the total surface area per unit mass.

The BET analysis is commonly utilised in
fields such as catalysis, materials science, and
environmental science to determine the physical
and chemical properties of porous materials, in-
cluding catalysts, adsorbents, and nanomaterials.
The technique provides crucial information on
the pore size distribution, pore volume, and sur-
face area of the material assessed, which could
assist in understanding its performance and opti-
mise its properties for specific applications.

The surface adsorption by the DPF waste in
this study was evaluated though BET analyses.
The results are summarised in Table 3. The sur-
face area of the adsorbent was 0.75 m? g'!. More-
over, the DPF adsorbent possessed an extremely

high porosity surface profile, allowing a higher
CR adsorption. The findings in the present study
indicated that the DPF waste had the potential to
be a decolorising agent in wastewater.

The X-ray diffraction analysis

An X-ray diffraction (XRD) evaluation was
performed before and after the adsorption pro-
cedure, to determine the crystallisation of the
DPF waste employed in the current study (see
Figure 4). Evident changes in peak deviations,
reduced peak strengths, and peak variations in
certain regions were observed. Figure 4 illus-
trates three theta areas in which adsorption was
the greatest (21.394, 30.769, and 53.806) with
their corresponding d-values (0.4199, 0.29034,
and 0.17023 nm) (Aziz et al., 2023). In this
study, all XRD peaks recorded were employed
to obtain the composite DPF waste with CR
display. The DPF waste was found to possess a
crystalline structure.

Intensity{Counts)

I M T T

2T=21.394

Intensity(Counts)

27=30.769

'WWW%@W@%WUJ@WKMWW

Figure 4. XRD analysis (a) raw DPF and (b) CR adsorption by DPF
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Table 4. The Oxides component of DPF waste by XRF analysis

Oxides Component DPF waste before adsorption (%) DPF waste after adsorption (%)
Sio, 3.090 3.616
ALO, 0.681 0.795
Fe,O, 0.300 0.569
CaOo 1.382 1.932
MgO 0.327 0.274
Na,0 0.152 0.058
K,O 0.151 0.178
TiO, 0.072 0.104
MnO 0.014 0.021
PO, 0.177 0.135

The X-ray fluorescence evaluation

An X-ray fluorescence (XRF) analysis is a
non-destructive assessment for identifying the
elemental makeup of a substance. The technique
irradiates samples with X-rays, exciting their
electrons and releasing fluorescent X-rays. The
power and intensity of the X-rays emitted by the
substances assessed allow determination of their
elemental compositions. Different elements doc-
ument distinct X-ray peaks at varied wavelengths
of fluorescence intensities within each range. The
lines relate to the focus of the element.

The XRF analysis could be conducted on var-
ious materials, such as metal, polymer, ceramic,
minerals, and soil. Furthermore, the forensic sci-
ence, research, and development fields and quali-
ty control, often employ the technique. The XRF
is known also for its speed in producing accurate
and reliable findings, ease of utilisation, and low
cost compared to other analytical methods. Nev-
ertheless, the method only allows surface analy-
ses of materials and not the identification of trace
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minerals or lightweight components (such as hy-
drogen and helium).

The oxidised components of the DPF waste
adsorbent prepared in this study before and after
the CR adsorption process were examined with
XRF spectroscopy (see Table 4). The results
demonstrated that the DPF waste contained an in-
creased relative silicon dioxide (SiO,) amount. A
high SiO, value indicates that a material contains
significant plant fibre levels. On the other hand, a
high aluminium oxide (Al,O,) content could sug-
gest that a substance is comprised of alumina-rich
plant fibres.

Alumina is commonly found in plant cell
walls, contributing to the strength and structure of
the fibres. The fibres from certain types of grasses
or other plant species that grow in calcium- and
magnesium-rich soils would record high calcium
oxide (Ca0O) and magnesium oxide (MgO) con-
tents. Conversely, low titanium dioxide (TiO,),
manganese oxide (MnO) and phosphorus pen-
toxide (P,O,) levels suggest that a waste material
contains little to no plant fibres that are rich in

b) 2.5
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Figure 5. (a) Effect of pH value on CR removal efficiency and (b) Point of zero charge plot of DPF.
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TiO,. Nevertheless, not all plant fibres contain
significant amounts of TiO,, and its absence is not
uncommon.

The effects of the different parameters

The effects of pH

In adsorption, the pH of an aqueous solu-
tion is the most critical component in deter-
mining the effectiveness of the process. In this
study, the capacity of the DPF waste to adsorb
CR dyes in aqueous solutions of 2—11 pH values
was investigated. The CR dye adsorption at pH
2 was optimal, but the adsorption effectiveness
progressively reduced with increasing alkalini-
ty, with the lowest adsorption recorded at pH 11
(Alhares et al., 2023).

The influence of pH on the adsorption of CR
fixed at 10 ppm, 3 g/L dosage, 3 mm particle size,
and 3 h of shaking is depicted in Figure 5a. Zero
charge pH value (pszc) determination is critical
to ascertain the optimal pH value of dye-polluted
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wastewater for adsorption (Chan et al., 2016).
The figure was also crucial during electrostatic
interaction mechanisms and pH compatibility of
the solutions with the adsorption capacity assess-
ments concerning the DPF waste in this study. A
5 pH,, was obtained in this study, with a lower
positive charge and a higher negative charge (see
Figure 5b). The higher pH . value compared to
pH indicated suitability for the adsorption of an-
ionic dyes such as CR. Conversely, a lower pH .
figure is desirable for cationic dyes (Namasivay-
am et al., 1996).

The effects of interaction time

Figure 6a illustrates the effects of period of
exposure of the CR to the DPF waste prepared
in this study on the adsorption process. The ad-
sorption was enhanced with a prolonged period,
where the CR (fixed at 10 ppm, 3 g/L dosage,
pH 2, and particle size was 0.075 mm) removal
percentage reached 70% after 285 min of mix-
ing. Nevertheless, the dye elimination rate in the
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Figures 6. Batch process mode results: (a) effect of time period on CR removal,
(b) effect of adsorbent dosage, (c) effect of the initial concentration of CR on the removal
efficiency, (d) particle size effected on the CR dyes removal efficiency
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initial few minutes was considerably higher due
to the availability of pores in the first few min-
utes, which gradually decreased as time passed.

The influence of dosage

The present study maintained the initial con-
centration of the CR dye with a particle size of 0.3
mm at 25 ppm for 180 min to determine the effi-
cacies of different adsorbent doses in removing
the dye from water under controlled conditions.
The impacts of altering the dosage on the dye
removal effectiveness are depicted in Figure 6b.
The dye elimination efficiency was significant-
ly influenced with increasing adsorbent (DPF
waste) levels.

The effects of the initial CR concentration

This study assessed the effects of the initial
concentrations of the CR dye on the susceptibility
of the DPF waste to adsorption. The effectiveness
of colour removal from simulation wastewater by
the adsorbent was evaluated by varying the con-
centration of the initial CR concentrations from
5 to 100 ppm. Resultantly, enhanced initial dye
concentrations led to improved removal effective-
ness (see Figure 6¢). The observations might be
due to the dye not competing with other substanc-
es to occupy the pores in the adsorbent. All exper-
iments in this portion of the study were conducted
at a fixed dosage of 3 g/L, 3 mm pore size, and a
3 h running duration.

The influence of the adsorbent particle size

The DPF adsorbent particle size prepared in
the current study played an essential role in re-
moving colours from wastewater when its dosage
was maintained at 2 mg/L, the pH value was 2,

76
72 -~

68 -

Removal %

64

60

and it was mixed for 3 h. Figure 6d demonstrates
that the optimal particle size for the CR dye ad-
sorption procedure was obtainable via the batch
process. The maximum CR dye removed from
wastewater was achieved when the 2 mm adsor-
bent was employed, reaching a 66% elimination.

The effects of temperature

The results of this study revealed that the
quantity of heat affects adsorption. An increased
temperature led to improved CR removal effica-
cy from wastewater. Figure 7 illustrates the dye
elimination effectiveness at 25, 35, and 45 °C
when the DPF waste was maintained at a constant
dose of 3 mg/L, the dye starting concentration
(C,) was 10 ppm, the particle size was 0.075 mm,
a mixing period of 5 h, and the pH was set at 2
throughout the experiment. A 72% dye removal
was documented at 45 °C.

Adsorption kinetics

The present study experiment involved ki-
netic statistical analyses with pseudo-first-order
and pseudo-second-order models to examine the
CR adsorption mechanisms. The pseudo first-or-
der model is represented by Equation 8 (Akar et
al., 2009), while Table 5 demonstrates the pseu-
do-first-order kinetic.

In(qe — qp) = Inqe — kqt ®)

The k, and q, parameters were derived from
the slopes and intercepts of the In(q, — q,) against
(vs) t (see Table 5), where q_ (mg/g) represents the
equilibrium adsorption capacity, q, (mg/g) denotes
the adsorption capacity, and t (min) is the adsorp-
tion time, k, (I/min). The DPF waste recorded cor-
relation coefficients (R?) of 0.89, 0.87, and 0.91

25

35 45

Temp.

Figure 7. Effect of temperature on the removal efficiency of CR
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when the q,,, were 2.4, 3.1, and 6.0, respectively.
The low adjusted R? values and significant con-
sistency between the estimated and actual q_ o
values indicated that the pseudo-first-order theory
was not fitted for predicting the adsorption behav-
iours of CR onto the DPF adsorbent.

The pseudo-second-order model is repre-
sented by Equation 9 (Asgher and Bhatti, 2012;
Salman et al., 2022), and table 5 illustrates its
pseudo-second-order adsorption process. The in-
tercepts and curves documented on the t/q, vs t
chart are listed in Table 5. On the basis of the re-
sults, the adjusted R? obtained were close to one.
Furthermore, the q_, estimates were in excellent
accordance with the q_  experimental results.
The findings demonstrated that the pseudo-sec-
ond-order kinetic model was applicable for the
adsorption of CR onto the DPF waste.

t < 1 ) N ( t ) o)
qt k,q2 Je
where: qe (mg/g) denotes equilibrium adsorption
capacity;
gt (mg/g) is the adsorption capacity;
t (min) represents adsorption time;
ky (mg/g-min) corresponds to constants.

Equation 10 is the formula suggested to rep-
resent intraparticle diffusion in this study (Belala
et al., 2011; M-Ridha et al., 2022). On the other
hand, table 5 depicts the kinetic graphs of the ad-
sorption across various time intervals 5-300 min,
C, = 10, 25, and 50 mg/L, pH = 7, DPF waste
dose = 3 g/LL dye solution, mixing speed = 150
rpm, and dye solution value temperature = 25 °C.

The information collected in the present study is
summarised in Table 5.

1
qe = kptZ +C (10)

where: C corresponds to the amount of an inter-
cept (mg/g);
ky, is the intraparticle constant mass flow
rate (mg/g-min"?).

Comparable adjusted R? of intraparticle dif-
fusion from previous studies are listed in Table 5.
According to the findings, the pseudo-first-order
molecular diffusion concept was not related to the
adsorbate in this study. At R? values of 0.98, 0.99,
and 0.98 when C_ = 10, 25, 50 mg/L, the pseu-
do-second-order adsorption kinetics was able to
attain optimum adsorption, revealing that they
closely matched the values obtained throughout
the period under consideration. Furthermore, the
findings suggested a good agreement between the
adsorbed observations and the pseudo-second-or-
der kinetics models, validating the chemisorp-
tion-based adsorbed assumption of the model.

Adsorption isothermal

The adsorption kinetic demonstrates how ad-
sorbate and adsorbed particles interact as well as
provide the general capabilities of an adsorbent
(Atiya et al., 2020; Ibrahim et al., 2022; Zhou et
al., 2014). The experimental CR adsorption onto
the DPF waste isotherm models at various de-
grees obtained in the present study is depicted in

Table 5. Pseudo-first-order, pseudo-second-order and intraparticle diffusion coefficient for CR adsorption by DPF

Model Parameters
c Yexo Qeal
o ex| cal K RZ
(mg L") (mgg") (mgg") !
Pseudo-first order 10 2.4 3.16 0.0118 0.8928
25 3.1 4.25 0.0121 0.88
50 6.0 715 0.0127 0.91
C Qe Qeal
o ex| cal K R?
(mg L) (mgg") (mgg") !
Pseudo-second order 10 2.4 3.62 0.0017 0.93
25 3.1 2.55 0.0052 0.94
50 6.0 7.22 0.0019 0.96
C Yexo Qeal
o ex| cal C K RZ
(mg L) (mgg") (mgg) P
Intra-particle diffusion 10 2.4 2.47 0.157 -0.2514 0.983
25 3.1 3.23 0.199 -0.2179 0.993
50 6.0 6.19 0.332 0.4452 0.984
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Figure 8, which employed CR contents ranging
between 10 and 100 mg/L.

The findings from the adsorption equilibri-
um study were analysed with the Langmuir and
Freundlich isotherm modelling techniques. The
Langmuir model was founded on the premise that
sorption occurs as a mono-layer on a face with
various homogenous sites. Consequently, a model
of Langmuir isotherm linear equation is expressed
by Equation (11) (Mohammed et al., 2021; Mo-
hammed and Mohammed-Ridha, 2021).

_ Om blCe

Qe = Tblce (11)

where: e (mg/g) denotes the equilibrium adsorp-
tion capacity;
qm (mg/g) is the full monolayer adsorp-
tion capacity;
Ce (mg/L) represents the equilibrium CR

concentration;
kj corresponds to the heat of sorption with
capability (L/mg).
Ry = ! 12
LT 14 KLG (12)

The adsorption isotherms could be written
as non-dimensional with specific R , which was

employed judge the degree to which the adsorp-
tion was favourable [see Equation (12)] (Kan-
dil and Ali, 2022; M-Ridha et al., 2021). The C,
(mg/L), irreversibility (RL = 0), favourability
(0 <RL < 1), unfavourability (RL > 1), and line-
arity (RL = 1) of the equilibrium data was deter-
mined based on the R value. Subsequently, the
gm and KL values were be calculated by plotting
a C/q,vs Ce graph.

The Freundlich equilibrium (see Figure 8)
adsorption formula posits that the surface of an
adsorbent is heterogenous. Equation 13 mathe-
matically expresses the Freundlich formula (Al-
hares et al., 2023). Table 6 lists the parameters for
Langmuir and Freundlich isothermal equations
employed in this study.

1
de = K¢CY (13)

where: ge (mg/g) denotes the equilibrium adsorp-
tion capacity;
Jdm (mg/g) represents the full monolayer
adsorption capacity;
Ce (mg/l) is the equilibrium CR con-
centration;
kj (I/mg), k¢ (I/mg), and 1/n are constants.

Table 6. Freundlich and Langmuir coefficient for CR adsorption by DPF

Model Parameters
. d,, (Mg g7) K, (L mg") R, R?
Langmuir
14.6 0.0118 0.09-0.1 0.992
Ki (mg g (mg L)) n R?
Freundlich
14 1.9 0.966
16
44
24 e
a0l
@0 =¥
E -
> 8 - Langmuir
=p
P Freundlich
® g experimental (mg/g)
4 .
2 -
0 T T T T
0 20 40 60 80 100
Ce (mg/L)

Figure 8. The Langmuir and Freundlich for the adsorption process
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Table 7. Parameter of thermodynamic equation for CR adsorption

) ) AG®
AH AS (kJ/mol)
(kd/mol) (kd/mol. K)
25°C 35°C 45°C
DPF 142.6128 1.6606 -352.483 -369.089 -385.694

The thermodynamic of adsorption

The CR adsorption onto the DPF adsorbent
prepared in the current study was evaluated at dif-
ferent temperatures, where increased solution tem-
perature led to improved dye adsorption. This study
also included the thermodynamic dye adsorption
from the solution assessments with several varia-
bles, including the Gibbs free energy change (AG®)
and enthalpy (AH®) and entropic change (AS°). Re-
sultantly, the parameters described the thermody-
namics through several equations, of which Equa-
tions (14) and (15) were the most critical (Depci et
al., 2012; Namasivayam et al., 1996).

AG® = —RTInK, (14)
Cea
K. =— |
C Ce ( 5)
AG® = AH® — TAS® (16)
L _As aHe )
e =R " RT

where: K¢ — the equilibrium constant;
Cea — represents the quantity of CR ad-
sorption per volume of solution at stability

in milligrams per litre;
R —a constant (8.314 J/mol .k).

The AH® and AS® parameters were derived
from the intercept and slope of an In K. vs 1/T
plot (see Figure 9), while Table 7 summarised
the thermodynamic parameter values at differ-
ent temperatures. The negative AG® values ob-
tained at 25, 35, and 45 °C indicated that the
process was feasible. Furthermore, this study
achieved the chemisorption condition as the
values obtained were within the —80 to —400
kJ/mol range. The significant AH® figures

Table 8. Parameter studied for continuous mode in
COMSOL

No. Parameter

Value

25
1 Fluid speed (mL/min) 75
125

0.07171
0.035855
0.014342

0.01
0.025
3 Fixed-bed depth (m) 0.05
0.075
0.095

2 Initial CR concentration (mol/m?3)

-0.2 4

-0.3 4

Ink¢
]

0.4

-0.5 4

®  Inkc
Linear Fit of Sheet1 Inkd

L U
0.020 0.025

I L T L T
0.030 0.035 0.040

1T

Figure 9. Thermodynamic equation of CR adsorption by DPF
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indicated the endothermic character of the ad-
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Figure 10. CFD simulation with experimental results
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0.035855, and 0.014342 mol/m?) for 24,300 sec.
The results are summarised in Table 8.

The experiments in the current study were
modelled in the COMSOL® program to simu-
late actual experiments. Figure 10 illustrates
the simulation results of a 0.01 m tall, 25 mL/
min flow rate, and 0.07171 mol/m? system. The
computational fluid dynamics (CFD) simula-
tion was then verified by comparing its antici-
pated outflow concentrations with the real ex-
perimental results of similar parameters. Both
findings demonstrated excellent accordance,
suggesting that the CFD simulation was accu-
rate for generating insights into CR dye separa-
tion from wastewater.

Several factors, including initial CR dye con-
centrations in the wastewater and exposure period
of the dye to the adsorbent influenced the CR dye
adsorption process. Other conditions, such as col-
umn depth and fluid flow rate, also require consid-
eration when studying continuous adsorption op-
erations in fixed columns. Figure 11 illustrates the
feasibility of dye adsorption in a continuous process
based on the interactions of several parameters.

The results revealed that increased initial dye
concentration led to improved effectiveness of
the dye removal from wastewater, which might
be due to the lack of competition between dye and
other compounds to be adsorbed. Nonetheless,
decreased removal percentage was documented
when the liquid flow rate was increased as a low
flow rate allows greater exposure time between
the solution and the adsorbent.

The depth of the liquid significantly impacted
the dye removal process, where the process was en-
hanced when the height of the adsorbent material in
the fixed bed column was increased. Furthermore,
the results suggested that the CR dye solution was
exposed to the dyes with the filling. The greater the
exposure of the dyes with the filling of the adsor-
bent material, the more liquid was adsorbed; thus
the process improved with an enhanced adsorption
column length. Exposure time between the dye-pol-
luted solution and the adsorbent also affected the
absorption effectiveness, where a longer period in-
creased the effectiveness of dye removal.

CONCLUSIONS

The current study successfully introduced a
novel approach to recycling palm waste as an ad-
sorbent for various dyes, including CR. This study
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demonstrated that it was possible to recover the
fibres from agricultural date palm leftovers dur-
ing the harvest season, particularly in the south of
Baghdad, Iraq. The fibres could then be employed
as an additive for the commonly utilised CR dye.
The findings in the present study revealed a
favourable dye uptake potential by the DPF. Nev-
ertheless, the optimal conditions depended on the
pH, contact duration, temperature, initial concen-
tration of dyes in wastewater, particle size, and
mixing time. The adsorption results obtained in
this study were also subjected to a thorough ex-
amination utilising the Langmuir and Freundlich
isotherms as models. Resultantly, DPF waste was
the most effective method of eliminating CR dyes
during wastewater treatments. Furthermore, the
DPF waste, employed as an adsorbent, is an eco-
logically benign substance that is easily obtaina-
ble and does not require any industrial overhead.
The current study constructed a fixed-bed
reactor to remove CR dye from sewage water
continuously. The COMSOL® software was em-
ployed to simulate the system. The CFD simula-
tion findings were compared to the actual results.
The data obtained exhibited an excellent match,
achieving nearly 99%. Several system factors,
including the time required to remove dyes from
wastewater, the influence of starting CR concen-
trations, flow rate, and the effects of filler height,
were also investigated and discussed in this study.
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