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Abstract: The limited supply of drinking water has aroused people’s curiosity in recent decades.
Adsorption is a popular method for removing hazardous substances from wastewater, especially
heavy metals, as it is cheap, highly efficient and easy to use. In this work, a new sludge-based
activated carbon adsorbent (SBAC1 / SBAC2) was developed to remove hazardous metals such as
cadmium (Cd*?) and lead (Pb*?) from an aqueous solution. The chemical structure and surface
morphology of the produced SBAC1 and SBAC2 were investigated using a range of analytical tools
such as CHNS, BET, FT-IR, XRD, XRF, SEM, TEM, N2 adsorption/desorption isothermal and zeta
potential. BET surface areas were examined and SBAC2 was found to have a larger BET surface area
(498.386 m?/g) than SBAC1 (336.339 m?/g). SBAC2 had a lower Ve (1.5026 cm?® g') than SBAC1
(1.59873 cm?® g), but a higher Vr (0.3748 cm? g*) than SBAC1 (0.2688 cm? g*), while the average pore
size was 10-100 nm for SBAC1 and 45-50 nm for SBAC2. The ideal conditions investigated for the
removal of Pb*2 and Cd*2 were 10 mg SBAC1 / SBAC2, Pb*2 / Cd*? at an starting concentration of 30
mg/L, a temperature of 40 and 50 °C, pH = 6, 8 and contact times of 10 and 15 minutes for Pb*> and
Cd*, respectively. SBAC1 and SBAC2 eliminated approximately 99.99% of Cd*2 and Pb*? out the
water under all conditions tested. The results of the adsorption of Cd*2 and Pb*2 were in good
agreement with the pseudo-second-order equation (R? = 1.00). Under the experimental conditions,
the Cd*? and Pb* adsorption equilibrium data were effectively linked to the Langmuir and
Freundlich equations for SBAC1 and SBAC2, respectively. Langmuir model calculated the
adsorption capacities of SBAC1 and SBAC2 for Cd** (309.24 and 329.62 mg/g) and for Pb*? (318.46
and 339.61 mg/g), respectively. The regeneration showed high recyclability for the fabricated SBAC1
and SBAC2 during five consecutive reuse cycles. As a result, the produced SBAC1 and SBAC2 are
attractive adsorbent for the elimination of heavy metals from various environmental and industrial
wastewater samples.

Keywords: adsorption; low-cost adsorbents; isotherms; wastewater and heavy metals

1. Introduction

The worldwide demand for including environmental sustainability into all aspects of the
practice of management is developing [1,2]. Sewage sludge handling and management is one of the
fast rising concerns that needs long-term attention, as it makes about half of the entire treatment cost

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202407.2524.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2024 doi:10.20944/preprints202407.2524.v1

[2,3]. In reality, sewage sludge is a provenance of toxins in the environment, such as microorganisms
[2,4,5]. Reusing sewage sludge as fertilizer in agriculture is one of the most environmentally friendly
methods of dealing with it [6]. However, because sewage sludge includes organic pollutants that
might be put into agricultural soil, this strategy raises the potential health risk [5]. Although
landfilling sludge with methane recovery is desirable, it is seldom done [7]. Various substances were
utilized as precursors to make activated carbon using various activation processes. Every substance
is distinct from the others in terms of its chemical makeup and ability to remove heavy metals [7].
Sewage sludge based activated carbon (SBAC) is mostly employed in the elimination of toxic metals
from wastewater as well as the removing and purification of gases [8,9]. The persistent high demand
for activated carbon and the high cost of manufacturing are a result of significant environmental
issues [10]. Therefore, a lot of research has been done to investigate the utilization of various wastes
as an inexpensive precursor to manufacture activated carbon [11]. Sewage sludge is an undesirable
byproduct of cleaning up wastewater that consists of organic and inorganic pollutants [2]. The
volume of sewage sludge is increasing due to rapid population development and urbanization [2,12].
As a result, the management and disposal of sewage sludge is seen as a serious challenge,
necessitating the development of alternate disposal and management approaches [13]. Sewage
sludge is a carbonaceous substance that may be utilized to make activated carbon at a cheap price to
remove a variety of contaminants from water and air [14]. Sludge is demonstrated to generate good-
quality carbons for adsorption of harmful substances in water, such as heavy metals and pigments.
Producing SBAC is estimated to be an economical option for both disposal of waste and the
manufacture of cheap adsorbents [14]. Chemical pollutants enter the environment from a variety of
sources, including manufacturing, mineral extraction, and agricultural operations. Heavy metals are
of particular concern due to their hazardous effects, persistence, and lack of biodegradable. Detecting
heavy metal contamination in the environment is so critical [15]. Cadmium is extensively employed
in nickel-cadmium (Ni-Cd) batteries and as a coating for iron and steel, alloys, mining, metal
finishing, textile operations refining plants, solar cells, plastic stabilizers, and pigments. Cadmium
may gradually accumulate in organisms, mostly via the food web. Exposed to cadmium in water may
impact organs, including the lungs, kidneys, liver, immunological, cardiovascular, and reproduction
[16]. The major sources of lead alter by region including lead reuse and recycling, industrial usage of
lead in paintings and as an ingredient in gasoline, and lead pipe used in water distribution systems
[16,17]. The World Health Organization (WHO) has set a maximum detection limit of 0.003 mg L-! for
cadmium and 0.01 mg L for lead in drinking water, while the USEPA has set a standard of 0.002 mg
L1 and 0.005 mg L due to the hazardous consequences of cadmium and lead in the environment,
respectively [18,19]. There are several techniques for removing heavy metal ions from wastewater,
such as adsorption, separate membranes, exchange of ions, electroplating, and precipitation. The
most widely used of these methods for eliminating pollutants is adsorption, which makes use of a
variety of absorbent types, including synthetic, natural, organic, inorganic, activated, and modified
materials [20]. The primary goal of this research is to create cheap activated carbon adsorbents with
excellent adsorption potency against cadmium and lead ions by employing the sewage sludge as
carbon precursors. The starting metal concentration, adsorbent dose, pH, contact duration, and
temperature were all considered while determining the efficiency of the generated adsorbents. The
results demonstrate that the affordable SBAC adsorbents developed might be used to effectively
remove heavy metals for environmental cleanup.

2. Materials and Methods

2.1. Chemicals

Analytical-chemical reagents (AR), which were already completely exhausted, were used
without further purification. Sodium hydroxide (99%), cadmium chloride > 99.9%, hydrochloric acid
(99%), hydrogen peroxide > 99.8 and lead acetate (= 99.9%) were purchased from Aldrich Chemical
Co (Germany). Milli-Q® devices (Millipore) provided ultrapure water for all of the solutions.
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2.2. Instruments

The concentration of Cd*2 and Pb*2 was estimated using ICP-Optical Emission Spectroscopy
(PerkinElmer Avio® 220 Max ICP-OES). Hanna pH-meter (Benchtop pH/ ORP Meter - HI2211,
Woonsocket, RI, USA) for pH readings. Digital hotplate stirrer (Model MSH-20D) manufactured by
DAIHAN Scientific Co., Ltd. in Korea. An elemental analyzer (Elementar, Germany) was used for
the elemental analysis (CHNS) of the prepared activated carbon. The specific surface area and pore
structure of the prepared activated carbons were measured using a surface area analyzer
(Quantachrome, USA) and nitrogen adsorption at 196 °C. The BET (Brunauer-Emmett-Teller) method
was used to calculate the surface area (SBET) of the activated carbons produced. Powder X-ray
diffraction (XRD) was performed on the manufactured products using an 18 kW diffractometer
(Bruker; model D8 Advance) and monochromatic Cu-Ka radiation. Images were acquired using a
field emission scanning electron microscope (FE-SEM) and a JEOL JSM-6500F microscope. HR-TEM
images were acquired using a JEM-2100 microscope with an accelerating voltage of 200 kV. The
samples were ultrasonically dispersed in ethanol on a copper grid. The zeta potential was determined
using a Zetasizer Nano series instrument (Nano ZS, Malvern, UK). Fourier transform infrared
spectroscopy (Thermo Scientific NicoletTM i510)) recorded at a wavenumber of 4004000 cm™ was
used to investigate the surface functional groups of the prepared activated carbon.

2.3. Fabrication of Activated Carbon

Activated carbon is produced from two types of raw sewage: thickened samples SBAC1 and un-
thickened samples SBAC2. In this process, the raw sewage sludge is taken from a drying bed of a
wastewater treatment plant in Bisha, in the southwestern Saudi Arabian province of Asir. The sewage
sludge was dried in an oven at 105 °C and ground into smaller particles with a diameter of 0.75 mm.
A chemical activating agent, KOH, is used in the activation process. During production, the sewage
sludge samples are first carbonized for 2 hours at 623 K (350 °C) at a heating rate of 10 °C/min. The
samples are then impregnated with the activating agent (KOH) for two days at 333 K (60 °C) and then
pyrolyzed for two hours at 573 K (300 °C) and then for one hour at 1173 K (900 °C). To get rid of the
potassium hydroxide from the generated ACs, the samples were rinsed with 0.10 M HCl and then
with distilled water until no chloride ions could be detected in the water used for washing. In
addition, the carbon particles were soaked in H20: for three days at room temperature with constant
stirring. They were then filtered and rinsed with distilled water until the pH of the solution remained
constant. After washing, the samples were air-dried at 383 K (110 °C) for 24 hours [21].

2.4. Adsorption Studies
2.4.1. Adsorption Procedures of Cd*? and Pb*

25 mL aqueous solutions of Cd*2 and Pb*2 ions (5, 10, 15, 20, 25, 30 mg/L) were made and their
values of PH were detected using 0.1N HCl / NaOH solution. The adsorption studies were conducted
in Erlenmeyer flasks holding the solution of metal at the indicated starting concentration (30 mg/L).
The mixture of the metal solution and the activated carbon adsorbent was kept at 30 °C for 30 minutes
with constant stirring. The adsorbent was separated using a centrifuge (5000 rpm) and the filtrate
was analyzed by inductively coupled plasma (ICP) optical emission spectroscopy for the detection of
Cd*2 and Pb*2 ions. A series of experimental parameters such as metal ion concentration (5-30 mg/L),
adsorbent dose (10-50 mg), pH (3-8), temperature (40-80 °C) and contact time (0-30 min) were checked
to evaluate the optimal conditions for the maximum removal efficiency (%) of Cd** and Pb*? from
aqueous solution via the adsorbents used [22-25]. All experiments were carried out in triplicate and
the mean values were given. The elimination efficiency (%) of the studied metal ion was estimated
using the following equation:

Elimination efficiency (%) = (Ci - Ce) / Co x 100 1)

Where, Ci: the starting concentration of the metal ion and Ce: the residual concentration of the metal
ion after 30 min.
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2.4.2. Adsorption Isotherms

The primary concentrations of Cd*2 and Pb*2 used to estimate the adsorption isotherms of both
SBAC1 and SBAC2 were between 30 and 1000 mg/L. Equations (2)-(4) reproduce the adsorption
isotherm models of Langmuir, Freundlich and Prausnitz—Radke. The previous models represent the
most common models of the adsorption isotherm applied to define the adsorption mechanism and

type:
_ BX,,C. 2
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where Xeq is the adsorption yield (mg/g), Xm is the adsorption capacity (mg/g), B is the constant of
Langmuir yield (L/mg), Ce is the contaminant equilibrium concentration (mg/L), 1/nr is the
heterogeneity of the SBAC1 and SBAC2 surface, Kr is the relative adsorption capacity and a (L/g), b
(LF/mgP) and {3 are the constants.

Equation (5) is used to compute the average absolute percentage deviations for all models of

adsorption isotherms.
N
%D =~ >
N
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where %D: percentage deviation, N: experiments number, Xexp: experimental adsorption yield and
Xpred: predicted adsorption yield.

Xex -X Te
P;(—Pd x 100% (5)
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2.4.3. Adsorption Kinetics

According to the previous adsorption procedures, Equations (6) and (7) showed the 1st and 2nd
order kinetic equations that reflect the most commonly used adsorption kinetic [21].

; (6)
4=, (1™
2 @)
qpred,2k2t
q=—"""—
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Where: q: Weight of adsorbed adsorbate, mg/g, qpred1: Weight of adsorbed adsorbate expected from
the 1st order kinetic model, mg/g, qpred.2: Weight of adsorbed adsorbate expected from the 2nd order
kinetic model, mg/g, ki: The 1st order kinetic model rate constant, 1/min, k2: The 2nd order kinetic
model rate constant, g/mg/min, and t: Time, min.

2.5. Environmental and Industrial Wastewater Samples

A variety of environmental water samples, including tap water (TW), groundwater (GW), Red
Sea water (RSW), wastewater from the Bisha environmental treatment plant before the biological
treatment stage (BT), and other wastewater samples (WW1 and WW2) (from different regions in
Bisha, Saudi Arabia) were collected and filtered through Whitman No. 40 filter paper to remove all
undissolved particles. A 1000 mL sample of each water sample was placed in a 1000 mL glass beaker
and boiled until the volume was reduced to 50 mL. The remaining residue was then treated with 2
mL of 70% HCIOs and 5 mL of concentrated nitric acid, and the sample was carefully heated for 30
minutes until dense white vapors appeared. The sample was cooled and 10 mL of deionized water
was added. It was then boiled again for 30 minutes until the vapors were completely released [26].


https://doi.org/10.20944/preprints202407.2524.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2024

5

The samples were then cooled, filtered and taken to ICP to determine the starting concentration of
Cd*2 and Pb* in these samples. The previous processes to remove Cd*> and Pb*2 from the water
samples were repeated and the remaining Cd*? and Pb*2 concentrations were measured by ICP.

3. Results and Discussion
3.1. The Ultimate Analysis of Activated Carbon

The final analytical findings for the sewage sludge samples are displayed in Table 1. The
differences in the content of C, H, O, and N and the H/C, O/C, N/C ratio demonstrate that the
composition of the organic materials of the sewage sludge was altered by the two-hour paralysis at
573 K (300 °C) and the subsequent one-hour paralysis at 1173 K (900 °C). Compared to the raw sewage
sludge (i.e., raw sewage sludge), the H/C, N/C and O/C ratios decreased after paralyzing. The H/C
ratio decreases 0.14 (raw SS) to 0.05 (SBAC1) and 0.06 (SBAC2). The phenomenon of fluctuations in
the H/C, N/C and O/C ratios demonstrates that compared to the raw SS samples, the paralyzed
sewage sludge samples have more aromatic groups. This might be result of the digestion of light
organic compounds during the paralysis method [27]. One peculiarity is that the SBAC2 sample has
a higher H/C ratio than the other SBAC1 samples. It therefore suggests that the paralyzed non-
thickened sample has the best results when lengthy chains (containing CH: groups) and high
aliphatic carbon content are present [28,29]. Producing gaseous alkanes or light aromatic
hydrocarbons advantages from the higher aliphatic carbon content. The degree of organic material
polymerization in the sewage sludge can be expressed using the N/C ratio. Less functional groups
containing nitrogen can be found in higher polymerized organic material [29,30]. The higher degree
of polymerization of the paralyzed sewage sludge thus implies a greater potential for dewatering. As
stated in Table 1, the O/C ratios of SBAC1 and SBAC2 are considerably less than those of raw sewage
sludge, indicating that some of the oxygen may be transferred from oxygen-containing functional
groups or oxidized during paralysis.

Table 1. Ultimate analysis of raw sewage sludge (RSS), SBAC1 and SBAC2.

Samples Yield % C H 0) N H/C O/C N/C Ash%

(wt. %)2  (wt. %) (wt. %) (wt. %)

RSS 67.7 9.2 14.3 9.3 014 021 014 139
SBAC1 83 90.8 4.2 5.1 1.6 005 006 002 74
SBAC1 85 93.1 5.5 49 21 006 005 0.02 27

2= obtained by elemental analysis. * = computed using the mass conservation law difference.

3.2. X-ray Fluorescence (XRF) Analysis

The ash was usually produced by metal ions in the wastewater. The SBAC1 and SBAC2 were
collected during the final treatment of the raw sewage sludge. During the raw sewage sludge’s final
treatment, the SBAC1 and SBAC2 were collected for analysis. The water was filtered during this
process by the different metal ions being adsorbed on the surfaces of SBAC1 and SBAC2. Both
thermal treatment and chemical activation did not cause the deposited metal ions to evaporate;
instead, they stayed on the carbon surface and in the pores. Ash was created from the metal ions, and
this covered the activated carbon surface and sealed the pores [31]. They inhibited the use of active
carbon and decreased the surface area. XRF was used to examine the adsorbed metal ions (Figure 1;
Table 2). The Si, Ca and Fe ions were mainly bound in the raw sewage sludge (RSS). In SBAC1 and
SBAC?2, the metal composition was not significantly different. Fe, Si, Cu, Zn, Mn, and Ni contents
overall were essentially greater in SBAC1 and SBAC2 than they were in the raw sewage sludge, it can
result from the fact that, during pyrolysis, heavy metals lose less weight than organic substances,

d0i:10.20944/preprints202407.2524.v1
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causing heavy metals to construct up in the SBAC1 and SBAC2 matrix [32]. In general, the heavy
metal concentrations in SBAC1 and SBAC2 and the sludge were as follows: Ca>Si >Fe >P > K> AL

Table 2. The results of XRF analysis of SBAC1 and SBAC2.

Elements (wt %)

Component
RSS SBAC1 SBAC2

Al 3.00 3.65 5.08
Ca 11.21 19.01 20.67
Cu 0.01 0.04 0.03
Fe 8.02 9.44 9.52
K 1.03 3.69 1.56
Mn 0.14 0.24 0.22
Nb 0.01 0.04 0.02
Ni 0.01 0.03 0.02
P 4.08 493 5.56
Si 13.20 15.20 15.05
Ti 1.34 1.76 1.68
Sr 0.12 0.15 0.22
Zn 0.35 0.59 0.45
Zr 0.10 0.03 0.02
Co 0.04 0.06 —_—
l 1.01 1.73 —_
Mo 0.02 0.04 —

E

=1 5 -

-]

RSS5 SBAC] SBAC1
Samples

Figure 1. X-ray fluorescence (XRF) analysis of the chemical composition of RSS, SBAC1 and SBAC2
samples.
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3.3. FT-IR Analysis

The FT-IR spectra of the raw sewage sludge are displayed in Figures 2 and 3 and show
wavenumbers in the range of 400 to 4000 cm!. When looking from left to right, the peak at 3688-3619
cm represents the lattice stretching of OH-kaolinite and gibbsite [33,34], 2988-2901 cm! to the -C-
H group’s vibration [35-37] and 1631 cm™ and 1538 cm to the functional groups of nitrogen and
sulfur, respectively [37]. The shoulder peaks’ rise at 1050-1090 cm! was connected to Si-C or Si-O-
Si bands [38], C-O-C vibrations [39] C-O-C vibrations [39] and ultimately, silica or calcium carbonate
stretching was identified as the cause of the peaks at 749 cm, 535 cm, and 467 cm! below 1000 cm-
1 [33,40]. Functional groups including carboxyls, phenols, aldehydes, ketones, quinones,
hydroquinones, and anhydrides have been confirmed to be present on activated carbon surfaces [41].
These functional groups define which carbon compounds is acid-base. The oxygen-containing groups
are responsible for the acidic and basic properties [41]. The absorption band at 3841 and 3736 cm-!
was assigned to the (O-H) vibrations of the hydroxyl groups. Adsorbed water may be the cause of
the location of the OH groups involved in hydrogen bonding, which are typically found in the range
of 3394-3841 cm™ for alcohols and phenols [42]. While the C=C stretching vibration of aromatic rings
is indicated at 1622 cm, the C=O stretching of ketones, aldehydes, or carboxyl groups is marked at
2375 cml. A significant absorption band at 1053 cm! is seen in SBAC1 and SBAC2, and it is linked to
either Si-O-5i or Si-O-C structures. This band is related to the silicon content in the sewage sludge.
The band at 617 cm is broad and represents the C-O-H twist. Examining the spectra in more detail
shows that at the high pyrolysis temperature, the baseline moves upwards from low to high
wavenumbers. This is most likely due to the increased aromatic content of the charcoal during the
pyrolysis process [43]. A comparison of the spectra of SBAC1 and SBAC2 before and after the sorption
of Cd*2 and Pb*2 reveals differences in the position of the absorption peaks. The stretching vibration
of the hydroxyl group peaks at 3742 cm and 3642 cm? clearly disappeared after the adsorption of
Cd* and Pb*, indicating that chemical interactions occur between the metal ions and the hydroxyl
groups on the activated carbon surface. A shift was observed in the C=O band (1697 cm! to 1587 cm-

1).

@
16 —(b)
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g
g
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=
=
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm™!

Figure 2. FTIR spectra of (a) thickened sewage sludge, (b) SBAC1, and (c) Activated carbon after
absorption Cd*? (d) activated carbon after absorption Pb*2.
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Figure 3. FT-IR spectra of (a) Unthickened sewage sludge, (b) SBAC2, and (c) Activated carbon after
absorption Cd* (d) activated carbon after absorption Pb*2.

3.4. Characteristics of the Porous Structure

The N2 adsorption and desorption isotherms for SBAC1 and SBAC?2 are displayed in Figure 4.

An isotherm’s lower branch displays adsorption readings, while the upper branch displays
desorption observations. The Brunauer-Deming-Deming-Teller (BDDT) classification system states,
activated carbons SBAC1 and SBAC2 exhibited a type I nitrogen isotherm as they showed a hysteresis
loop and a rapid rise at low relative pressure, as shown in Figure 4. Since the hysteresis loop was
related to capillary condensation of mesoporous solids and the sharp increase was in micropore
filling, this indicated that they were microporous coals with a clear development of mesoporosity
[29,44]. According to de Boer’s classification, Each of the three isotherms showed a type B hysteresis
loop, indicating parallel, slit-shaped pores, as the desorption branches were steep at intermediate
relative pressure and the adsorption branches were steep at saturation vapor pressure [45]. The
isotherms of SBAC1 and SBAC2 showed a mean hysteresis loop that deviated somewhat from type
I, indicating that micropores constituted only a small fraction of the two materials. Considering that
the adsorption process does not end at 1.0 P/Po and that micropore filling essentially takes place at
comparatively low partial pressures < 0.1 P/Po. Table 3 lists the structural parameters that were
determined using the nitrogen isotherms. These values include the average pore diameter (Vave) for
BJH desorption, the BET total surface area (SBET) and the total pore volume of single-point
adsorption (Vrotal) estimated at P/Po = 0.98. As you can see, SBAC2 has a larger BET surface area
(498.386 m?/g) than SBAC1. SBAC2 had a lower Ve (cm?® g) than SBAC1, but a higher Vr (cm? g1)

than SBAC1.
Table 3. The porous structure properties of SBAC1 and SBAC2 samples.
Samples Seer(m? g) Vr (cm? g?) Vi (cm? g1) {(mV)
SBAC1 336.339 0.268858 1.59873 -11.50

SBAC2 498.386 0.374884 1.5026 -8.85
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Figure 4. N2 adsorption and desorption isotherms of SBAC1 and SBAC2 samples.

3.5. Zeta Potential Results

In order to gain insight into potential interactions between the SBAC1, SBAC2, and the Cd*? and
Pb* ions throughout the process of adsorption, the zeta potential was evaluated. The zeta potential’s
mean value of SBAC1, SBAC2 was — 11.50 mV and - 8.85 mV, respectively. They definitively show
the generated active carbon’s negative charge. This result suggests that these activated carbons are
more effective at adsorbing positively charged contaminants.

3.6. Powder X-ray Diffraction Spectroscopy

The X-ray diffraction patterns of SBAC1, SBAC2 are shown in Figure 5. The X-ray diffraction
spectrum of activated carbon formed from sludge by chemical activation shows only a few peaks,
since most of the identified peaks disappear when the sludge is processed with acids, as the relevant
minerals are removed by activation and rinsing with water [20]. There were two diffraction peaks
SBACI and SBAC2 at about 20 = 26.6° and 31°, which matched the characteristic diffraction peaks of
the carbon surface (100) [21]. The peaks showed that disordered carbon crystallites were present in
both SBAC1 and SBAC2. The distance between the layers of SBAC1 and SBAC2 could be calculated
using Bragg’s law and amounted to 3.35 and 2.84 nm, respectively. As a result, the SBAC2’s interfacial
spacing (d001) decreased while its degree of graphitization increased. Because the activation
procedure damaged the structure of the active carbon crystal and produced a thin carbon sheet that
was primarily disordered, the intensity of the (100) diffraction peak of SBAC2 was noticeably
diminished. Simultaneously, there was a correlation between reduced crystallite strength and
increased orientation freedom of the carbon crystallites. This led to an increase in the number of pores
between the crystallites and an increase in the activity of the SBAC2 sample. This resulted in a more
porous structure and a greater specific surface area (498.386 m? g') which improved the adsorption
property of the SBAC2 [22].
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Figure 5. XRD spectra of produced activated carbons SBAC1 and SBAC2.

3.7. Microstructure Activated Carbon

The morphology of the activated carbons SBAC1 and SBAC2 was investigated using scanning
electron microscopy. Figure 6a-f shows microscopic images of activated carbon. A heterogeneous
distribution of particle size and shape was observed in the photomicrographs taken at low
magnification. When the analytical magnification was increased, the particles appeared more porous
and showed the existence of macropores and ultramacropores. This is extremely effective for the
removal of impurities from water by adsorption methods. TEM was used to study the microstructure
of sludge-based activated carbons SBAC1 and SBAC2 (Figure 6gh). TEM analysis revealed that
SBACI and SBAC2 have extensive mesoporous properties. The distribution of particles size is about
10-100 nm for SBAC1 and 45-50 nm for SBAC2, which is consistent with the results of XRD analysis.
The pore structure of SBAC1 and SBAC2 is important for pollutant adsorption (Cd*? and Pb*2 ions).

Figure 6. SEM micrographs of produced activated carbons SBACI (a-c), SBAC2 (d-f) and TEM image
(g) SBAC1 and (h) SBAC2.

3.8. Adsorption Study
3.8.1. Influence of the SBAC1 and SBAC2 Dosage

The effect of SBAC1 and SBAC2 dosage on the percentage of metal ions adsorbed from aqueous
solution showed that the removal efficiency of metal ions gradually increased with increasing SBAC1
and SBAC2 concentrations. As can be seen in Figure 7, increasing the mass of SBACI from 1 ppm to
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10 ppm increases the percentage of adsorbed metal ions from 52% and 89.233% to 99.997% and
99.977% for Cd*? and Pb*2 ions, respectively. An increase in the mass of SBAC2 leads to an increase in
the adsorbed percentage of the same ion series from 51.8% and 96.370% to 96.370% and 99.997%. This
could be due to the fact that the increase in adsorbent dose provides a larger surface area or more
adsorption sites for the metal ions [46].
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Figure 7. Effect of dosage of (a) SBAC1 and (b) SBAC2 on the adsorption of Cd*?and Pb*?; Metal ion
concentration=30 mg/L; contact time = 10 min; pH=7.

3.8.2. Influence of the of Metal Ion Concentration

The effect of a metal ion concentration of 30, 40, 60, 80, 100, 150, 200, 250 mg/L on the adsorption
behavior of SBAC1 and SBAC2 (10 mg /L) was investigated and the results are shown in Figure 8. At
250 ppm, the removal efficiency is 98.1 % and 98.14 % for Cd*2and Pb*2 using SBAC1, but for SBAC2
the efficiency is 96.96 % and 97.77 %, respectively. In contrast, at 30 ppm, the efficiency of SBAC1 is
99.99% and 99.97% for Cd*2and Pb*2, while SBAC2 has a value of 99.99% for Cd*2and Pb*2. This could
indicate that the adsorption interaction between the activated carbon and the metal ions is mainly
ionic in nature [47]. A high concentration of metal ions limits their transfer to the activated carbon
surface and may also be due to the saturation of the active sites of the activated carbon with the metal

ions.
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Figure 8. Effect of metal ion concentration on the adsorption by (a) SBAC1 and (b) SBAC2. Adsorbent
mass 10 mg; contact time = 10 min; pH =7 for Cd*?and Pb*2
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3.8.3. Influence of pH

pH is one of the main influences on the adsorption process, especially for heavy metal ions such
as Cd*2 and Pb*, as they are present in different species depending on the pH [48]. The effect of pH
on the adsorption of Cd*?> and Pb*2 by SBAC1 and SBAC2 was studied in the pH range (3-8) and the
results are shown in Figure 9. It is obvious that the adsorption rate for Cd*2 with SBAC1 and SBAC2
gradually increased from 48.87% to 98.69% and 47.86% to 99.14% with increasing pH from 3 to 8.
Also, the adsorption percentage for Pb*2 with SBACI increases abruptly from 88.01 to 99.996 with
increasing pH from 3 to 6 and then remains constant after pH = 6 as the adsorption was already close
to 100%, while the adsorption percentage for Pb*2 with SBAC2 increases from 69.85 to 99.98 with
increasing pH from 3 to 7 and then remains constant after pH =7 as the adsorption was already close
to 100%. The minimal adsorption observed at low pH values could be due to the fact that the
hydrogen ions have a better adsorption than the metal ions due to their higher concentration and
mobility [49]. Consequently, the surface of the activated carbon is predominantly covered with H,
which prevents metal ions from approaching the binding sites. This is also consistent with the theory
of surface complex formation (SCF), as an increase in pH reduces the competition for adsorption sites
between protons and metal species, leading to an increase in the adsorption of metal ions [50].

110
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Figure 9. Effect of solution pH on the adsorption of Cd?* and Pb* by (a) SBAC1 and (b) SBAC2.
Adsorbent mass 10 mg, [M]?*=30 mg/L; contact time = 10 min.

3.8.4. Influence of Time

The time needed for the interaction between the adsorbate and adsorbent is crucial (i.e., the faster
the removal, the better the adsorbent) [49,51]. Hence, it is important to study the effect of contact time
on the removal of the target heavy metals with both SBAC1 and modified SBAC2. Figure 10 shows
the effect of contact time on the adsorption of Cd*? and Pb*2 onto SBAC1 and SBAC2 from aqueous
solutions. In general, the % adsorption of metals ions increased significantly within the first 10 min.
Pb*2 absorbed completely within the first minute and reached 100% for both SBAC1 and SBAC2. For
Cd*, it took approximately 15 min to reach equilibrium with 99.62% adsorption for SBAC1, whereas
it reaches to 99.873% for SBAC2, so the SBAC?2 is considered better adsorbent for Cd+2.
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Figure 10. Effect of contact time on the adsorption of Cd*?> and Pb*?, from aqueous solution by (a)
SBAC1 and (b) SBAC2 at pH of 7, 10 ppm activated carbon and a metal ion concentration of 30 ppm.

3.8.5. Influence of Temperature

The influences of temperature on the removal efficiency (%) of Cd** and Pb*> were tested at
different temperatures (40, 50, and 60 °C) at solution pH 7.00. It was noticed that, Cd*? and Pb*
adsorption capacity of SBAC1 and SBAC2 reached its maximum value (99.9 %) at 40 °C; while, there
was a slight drop in the Cd* and Pb*? adsorption capacity of SBAC1 and SBAC2 at higher
temperatures.

The adsorption of Cd?* and Pb? on the SBAC1 and SBAC2 adsorbent at 313, 323, and 333 K was
studied to determine how temperature affects adsorption. Equations (8)—(11) were used to calculate
thermodynamic parameters such change in enthalpy ((AH?), entropy ((AS°), and free energy ((AG°)

[52-54].
AS’ AH’ 8)
K= =T
9
h’ch= C_e (9)
AG’=-RTInK_ (10)
AG=AH"-TAS’ (11)

Where, K¢, R, and T (K) are the thermodynamic equilibrium constant (L/g), universal gas constant
(8.314 J/mol/K), and absolute solution temperature, respectively. Table 3 showed the AH° and ASe
which calculated from slope and intercept, respectively. The positive AHe value in Table 3 showed
that adsorption is endothermic. The spontaneous adsorption of Cd*2 and Pb*? adsorption capacity of
SBAC1 and SBAC2 is shown by the negative AGe value, and the reduction in AGe values with
increasing temperature suggested that higher temperatures were desirable [52].

Table 3. Thermodynamic parameters for the adsorption of Pb*?> and Cd*2 on SBAC1 and SBAC2.

InKe AGe AHe ASe
Temperature (kJmol) (kJmol) (kJmol)
(K) SBAC1 SBAC2 SBAC1 SBAC2 SBAC1 SBAC2 SBAC1 SBAC2
Cd+2 Pb®2 Cd*2 Pb*? Cd® Pb*? Cd*2 Pb+*2 Cd?2 Pb2 Cd?2 Pb?2 Cd*¢ Pb+2 Cd+ Pb+2
313 4.2511.35 595 9.39 -11.06-29.55 -15.5 -24.44
323 4.81 10.36 5.43 9.39 -0.012-0.027-0.014 -0.02561.24 85.17 47.64 0 0230 -0.177 -0.102 0.078

333 5.63 9.39 4.85 9.39 -0.015-0.026-0.013 -0.026
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3.9. Adsorption Kinetics

The 1st order and 2nd order kinetic models (Equations (6) and (7)) were used to calculate the
kinetic parameters of Cd*2 and Pb*? adsorption on the SBAC1 and SBAC2 adsorbent. The adsorption
kinetics of the 1st order and 2nd kinetic models are depicted in Figure 11. As shown in Table 4, the
2nd order kinetic model appropriates the experimental results more effectively than the 1st order
kinetic model. Furthermore, the theoretical maximum adsorption at equilibrium predicted by the
second-order model agreed well with the experimental result values observed. As a result, the
second-order kinetic model proved appropriate for describing the kinetics of Cd*? and Pb*
adsorption on the SBAC1 and SBAC2 [55]. The coefficients of the adsorption kinetic model variables
derived using statistical program (version 7) were shown in Table 4.
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Figure 11. Adsorption kinetics of Cd*? and Pb*2 adsorption on the SBAC1 and SBAC2, Ci=30 mg/L, T=
40 °C and pH =7.00.

Table 4. Results obtained from applying first-order and second-order kinetic models to the Cd*? and
Pb*2 adsorption experimental data.

Kinetics models Variables SBAC1 SBAC2
Pb+2 Cd+2 Pb+2 Cd+2
Pseudo-first order ki (min?)  0.00032  0.00085  0.0009 0.0009

Qeca) (mg g1)  12.00 11.937  12.00 11.9848

Rz 0.500 0.1529  0.6621 0.6619

Qeexp) (Mg g1)  1.7716 1.249 1.471 1.4720

Pseudo-second order ka2 [g mg?! min] 6.94 43556  -110.1 13.527
Qe (mg g1)  11.999  11.936  11.998  11.9848

R2? 1.00 1.00 1.00 1.00
Qeep) (Mg g1)  11.999 11.978  11.998 11.9817



https://doi.org/10.20944/preprints202407.2524.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2024

15

3.10. Adsorption Isotherm

Figure 12 illustrates the adsorption isotherms of Cd*? and Pb*2 on SBAC1 and SBAC2 at T =25
°C and solution pH= 7. Giles classified both of the adsorption isotherms as having L-behavior [56].
When the ratio of the pollutants’ adsorbed fraction on carbon material to their residual concentration
in the aqueous solution decreases, a concave curve appears. Furthermore, as suggested, this behavior
showed a significant attraction between the adsorbate molecules and the adsorbent surface as
recommended by similar studies related to the adsorption or organic and inorganic pollutants from
aqueous solution [57-59].

To the experimental results, Langmuir, Freundlich, and Prausnitz—Radke isotherm models have
been applied. As shown in Table 5, the adsorption capacity of SBAC2 for both pollutants is higher
than SBACI1 that may be attributed the high surface area for SBAC2 (498.39 m?/g) than that for SBAC1
(336.34 m?/g) and high total pore volume for SBAC2 (0.37 cm?3/g) than that of SBAC1 (0.27 cm?/g), and
a high oxygen content in SBAC2 (21.93 %) than that for SBAC1 (19.80 %). Moreover, the adsorption
capacity of Pb*? and the Cd*?on both activated carbons was similar due to a similar atomic radius of
Pb*2 (1.75 A) and Cd*2(1.54 A) [60]. The Prausnitz—-Radke model was the best model describe the
adsoption isotherm for all cases, moreover, it had a slightly better fit than the Langmuir model and
followed by Freundlich model to the adsorption data of Cd* and Pb*? on SBACI, with %D for
Prausnitz—Radke model were 5.80 and 6.66 and for Langmuir model were 5.49 and 6.67, respectively.
That means the contribution of monolayer adsorption on SBAC1 for both pollutants was higher than
multilayer adsorption process. Whereas in case of SBAC2, it had a slightly better fit than the
Freundlich model and followed by model Langmuir to the adsorption data of Cd*> and Pb*2 on
SBAC1, with %D for Prausnitz—Radke model were 8.41 and 8.50 and for Freundlich model were 9.41
and 8.49, respectively. That means the contribution of multilayer adsorption on SBAC2 for both
pollutants was higher than monolayer adsorption process. This is confirmed by the SBAC2 had more
adsorption capacity than that for SBAC1 for both heavy metals.
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Figure 12. Adsorption isotherms of a) Cd*? and b) Pb*? on both activated carbons SBAC1 and SBAC2
at carbon mass 100 mg, solution pH =7 and T =25 °C.
Table 5. Adsorption parameters determined using the three adsorption isotherm models of Cd*? and
Pb*2 on both activated carbons SBAC1 and SBAC2.
Langmuir Freundlich Prausnitz—Radke
AC Pollutant Xm®@ B® BXm©@ X'mx10* Kr @ a® b®
D 1/nr® %D ® %D
(mg/y) (Lmg) (Ug) (mgme ° wg '™ P (g wymgn P "
SBfC 309.24 0.13  40.20 0.92 5.94 96.07 0.22 23.51 33.37 0.08 1.06 5.80
SBAC Cd=
5 329.62 0.06 19.78 0.66 12.84 63.79 0.32 9.41 109.99 142 0.71 841
SBAC
1 318.46 0.13 4140 0.95 6.67 91.66 0.25 21.70 37.06 0.10 1.03 6.66
SBAC Pb
5 339.61 0.07  23.77 0.68 13.19 64.79 0.33 8.49 1.52x107 2.34x105 0.67 8.50

3.11. Analysis of Real Wastewater

The real wastewater samples were collected from six different locations in Bisha, Saudi Arabia.
To verify the applicability of SBAC1 and SBAC2 for the removal of heavy metals (Cd*2 and Pb*?) from
real water samples. The mean value of percentage removal of Cd*> and Pb*? from SBAC1 and SBAC2
is shown in Table 6. The proposed methods were successfully used to remove Cd* and Pb*? from
some environmental and industrial wastewater samples. The results in this table show that the
proposed methods were effective and acceptable for the removal of Cd*? and Pb*2 from water samples,
with a high removal efficiency (%) ranging from 97.00% to 99.80%.

Table 6. Removal of the target heavy metal ions from spiked real sample by SBAC1 and SBAC2.

Sample Metal ions % Adsorption
SBAC1 SBAC2
™ Cd» 99.00 99.44

Pb* 99.03 99.80
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GW Cd» 98.02 99.60
Pb*2 98.53 98.73
RSW Cd» 98.33 98.58
Pb+ 98.58 98.88
BTW Cd~ 97.00 98.00
Pb*2 97.19 98.50
WW1 Cd+ 97.33 98.44
Pb* 97.96 98.77
WWw2 Cd» 97.60 97.74
Pb*2 97.54 97.88

3.12. Recovery and Recyclability SBACI and SBAC2

The prospect of reusing the recovered SBAC1 and SBAC2 in successive cycles was investigated
with the aim of learning more about the environmentally and economically beneficial properties. By
reusing the adsorbent loaded with Cd* and Pb*? after SBAC1 and SBAC2 were swirled in ethanol for
5 hours, washed with ethanol and dried at 50 °C for 5 hours, the regeneration of SBAC1 and SBAC2
adsorbent was investigated. Eight times the loaded adsorbent was subjected to Cd*> and Pb*
adsorption under optimal renewal conditions. Figure 13 shows the percentage Cd*2 and Pb*2 removal
rate for the eight reuses, indicating that SBAC1 and SBAC2 could be recycled for six consecutive
cycles without losing their adsorption capacity. However, in the two subsequent runs (7 and 8) under
the same conditions, a reduced adsorption capacity was observed. This indicates that SBAC1 and
SBAC2 are trustworthy, and the excellent recycling results support the sparing use of the adsorbent
in the purification of water from Cd*2 and Pb*2.
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Figure 13. The removal efficiency of Cd*?> and Pb*?2 onto intact and regenerated SBAC1 and SBAC2
adsorbent during eight adsorption / desorption cycles.

3.13. Comparison with Another Method

From the data listed in Table 7, it is generally revealed the high efficiency of the SBAC1 and
SBAC2 and its modification for removal of the Cd*> and Pb*2 ions from the working samples.
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Table 7. Comparison between the maximum adsorption capacity of the target divalent metal ions by
SBAC1 and SBAC2 and other adsorbents.
Adsorbent Adsorbent  Metal Lower/upper pH Time qgm(mg/g) reference
dosage ions  concentration(mg/L)
Zeolite 0.3gm/50ml  Pb+2 5-20 6 24h 56.82 [61]
0,005gm Cd=» 4 20min. 50.2 [62]
MWCNTs 0.03gm/50ml Pb+ 3-250 4 1.5h 200 [61]
0.05gm/50ml Cd+ 50-150 8 1h 200 [63]
SBAC1 0.02gm/50ml Pb*2 30-250 7 30 min 318.46 This work
Cd2  30-250 7  30min 309.24
SBAC2 0.02gm/50ml Pb2  30-250 7  30min 339.61 This work
Cd+= 30-250 7 30 min 329.62

4. Conclusions

Activated carbon (SBAC1 /SBAC2) derived from sewage sludge waste was used as an adsorbent
for the effective removal of Cd* and Pb* from an aqueous solution. The structural properties,
functional groups and morphological structures of the prepared activated carbon adsorbent were
determined by CHNS, BET, FT-IR, XRD, XRF, SEM, TEM and zeta potential. The adsorption isotherm
model was best described by Freundlich (SBAC1) and Langmuir (SBAC2) isotherms, with maximum
adsorption capacities of 309.24, 329.62, 318.46 and 339.61 mg/g at pH 7 for Cd*2 and Pb*?, respectively.
The kinetic model was applied to the adsorption equilibrium data to predict the adsorption
mechanism of the adsorbent. The result showed that the adsorption followed the pseudo-second
order kinetic model. The thermodynamic parameters of adsorption showed that the adsorption of
Cd*? and Pb* proceeded spontaneously and endothermic and that the randomness during the
adsorption process increased with increasing temperature. In addition, the development of the
prepared activated carbon as an adsorbent could be successfully used for the treatment of water
containing Cd*2 and Pb*2 ions due to its cost efficiency, reusability, large surface area and high
adsorption capacity.
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