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ARTICLE INFO ABSTRACT

Keywords: This work aims to assess the adsorption efficiency of date stones biowaste subjected to carbonization and acti-
Adsorption vation processes for the removal of Pb ions from single and mixed solutions. Several techniques have been used
Date stones for characterization of adsorbents such as scanning electron microscopy (SEM), Fourier transform infrared
f\i:i:::i‘;i“o" spectroscopy (FTIR), methylene blue index and point of zero charge (pHpzc). An excellent adsorption capacity of
Lead ions 97.43% is achieved at an initial concentration of 300 mg/L, solution volume 75 mL of Pb nitrate, adsorbent mass

of 0.7 g, temperature of 30 °C, a stirring speed of 500 rpm/min, a contact time of 180 min and pH 6. Specifically, a
comparison has been conducted between carbonized/activated date stones “CADS” and commercial activated
carbon “CAC” besides investigating the influence of the presence of Co ions and the utilization of ultrasound
radiation. A higher adsorption rate of 98.16% is reached under ultrasound radiation at Pb(II) initial concentration
of 100 mg/L for a contact time of 3 h. Nevertheless, the temperature has shown a negative effect; the adsorption
rate decreases from 98.31% at 18 °C to 92.70% at 60 °C. The modeling of the experimental adsorption data
manifests a type-L isotherm characteristic of Langmuir and Freundlich models. The kinetic study has shown that
the experimental data are well described by a pseudo-second-order rate model and controlled by the internal
diffusion, a limiting-step that controls the transfer rate of Pb(II) to the adsorbent surface. The calculated ther-
modynamic parameters (AGO, AHO, ASO) indicate that the adsorption of Pb(II) is spontaneous and exothermic
process.

Mixed solutions
Ultrasound

1. Introduction and membrane processes [3]. In this regard, the adsorption of heavy

metals onto solids has attracted great attention and has been widely

Heavy metals are in fact highly toxic species beyond a certain con-
centration. They have the ability to concentrate along the food chain and
accumulate in certain body organs. It is therefore necessary to eliminate
completely heavy metal ions present in different industrial effluents or
reduce their amount below the limits defined by standards [1]. Lead (Pb)
present in various industrial effluents, constitutes a large part of the
water pollution and exposure to this contaminant, even at low concen-
trations may be harmful to human health because of its impact on the
development of serious diseases and disorders. The removal of Pb ions
from industrial and municipal wastewaters has become of extreme
importance and extensive efforts have been devoted to the development
of effective methods for the removal of these ions from wastewaters [2].

Many decontamination methods are developed in recent years,
including chemical precipitation, flocculation, ion exchange, electrolysis,
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investigated.

Among the materials widely utilized during this process are activated
carbon prepared from biomaterials such as olive pits which has removed
72% of mercury (II) cations for a mass of 0.5 g of adsorbent, and also
activated carbon prepared from bicarbonate treated peanut hulls carbons
which was found to be more effective in the treatment of mercury solu-
tions by giving an adsorption efficiency of 109.89 mg/g in comparison to
commercial activated carbon which has shown an adsorption efficiency
of 12.38 mg/g [4].

Fronczak et al. showed that the functionalization of the activated
carbon grains with cysteine and thiourea greatly improved the adsorp-
tion capacity of Cd (II) compared to activated carbon [5]. The removal of
heavy metals by adsorption process has been also investigated using
various metal oxides, namely oxides of iron, titanium, manganese,
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Fig. 1. Adsorption rate of Pb ions as function of adsorbent nature (RDS, CDS and CADS). [Pb?+], = 100 mg/L; adsorbent mass = 0.5g; Vyoiuion = 25 mL; stirring speed

= 500 rpm; contact time = 6 h; pH = 5.6 + 0.2; T = 18 &+ 2 °C.

magnesium, aluminum, etc. The study of the influence of some param-
eters affecting the adsorption efficiency such as porosity, temperature
and morphology was examined [6]. On the other hand, the development
of metal-organic framework added to graphene-based two-dimensional
and three-dimensional materials, allowed researchers to recover metal
ions with good adsorption efficiency [7].

Some authors have studied the adsorption of heavy metals on calcium
nanotitanate under different operational conditions in terms of pH,
temperature and concentration. The high adsorption capacities of Pb, Cd
and Zn on perovskite were 141.8, 18.0 and 24.4 mg/g, respectively [8].

Liu et al. have developed a bio-adsorbent based on the immobilization
of caffeic acid on corn starch ialdehyde. The adsorbent has proven
effective in treating hexavalent chromium pollution due to its easy syn-
thesis, ultra-high selectivity and excellent adsorption performance. The
maximum amount of Cr (VI) removal was 96.45 mg/g. The adsorption
kinetics and isotherm indicated that the adsorption of Cr (VI) onto
adsorbent was controlled by a heterogeneous chemisorption process [9].

Clays, as natural and abundant low-cost materials, represent another
type of solid adsorbents [10-13]. Both montmorillonite and kaolin were
identified as good adsorbents of Pb ions in aqueous media. It was found
that increasing the pH promotes the removal of metal ions until the
appearance of insoluble precipitates (i.e. presence of hydroxides). The
absorption was rapid between 180 min and 240 min. Several isotherm
models were adopted to evaluate the adsorption equilibrium, kinetics
and mechanism of interactions, and both Langmuir and Freundlich
models manifested good consistency with the experimental data [10].
The removal of Pb ions was also investigated using fish scales as adsor-
bent. The effect of the adsorbent porosity and the feed rate were studied.
A numerical model has been developed to describe the experiment taking
into account the adsorption coefficient at neutral pH [14]. Other recycled
materials from wool were also tested as potential adsorbents for Pb ions
and the obtained results showed a good selectivity with different
adsorption rates [15].

Alternatively, researchers showed that a variety of materials of plant
origin had the ability to fix large quantities of heavy metals [16-20], in
particular date stones [21-27]. It is necessary to note that significant
amounts of date stones are generated each year and are identified as an

important source of agricultural waste. It is therefore a wise choice from
economic interest to transform such abundant and low-cost biowaste into
added value product, for instance as potential adsorbent for heavy metal
ions.

Moreover, several studies have proven the effectiveness of ultrasound
during the adsorption process [28-35]. It has been used to facilitate the
interaction between adsorbate and adsorbent, as consequence an
enhanced adsorption process associated with faster chemical processes
through the formation of acoustic cavitation due to the propagation of
pressure waves through liquid [36]. Also, ultrasound, by means of
cavitation phenomenon, enhances the mass transfer rate and may cause
the formation of many micro-cracks on the solid surface hence increasing
the surface area between solid-liquid in separation operation [30].

The aim of this work is to eliminate lead ions from aqueous solutions
by adsorption on a support obtained from natural by products; i.e. date
stones. This choice is mainly manifested by economic consideration,
because raw materials and synthesis techniques are time consuming,
complex and require toxic reagents besides being non-benign towards
environment. In this perspective, this research consists on: (i) trans-
formation of biowaste date stones into carbonized and subsequently
activated products; (ii) optimization of operational conditions to achieve
high adsorption rate of Pb(II) by the as-obtained adsorbents; (iii) further
enhancement of adsorption performance by means of ultrasound
agitation.

2. Experimental part
2.1. Preparation of adsorbents based on date stones

The raw adsorbent was prepared as follow. Nuclei of dates were
washed thoroughly with distilled water and then oven dried at 105 °C for
24 h. After that, they were grounded and sieved to retain the fraction
between 0.5 and 2 mm [37]. The selected crushed date stones were
introduced into closed porcelain capsules and subjected to carbonization
in a muffle furnace (Nabertherm MO) at 800 °C for 1 h [38]. The obtained
carbonized coal was placed in a beaker containing a 10 M nitric acid
solution. The mixture was then stirred for 24 h then filtered through a
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Fig. 2. Optical microscopy (a, ¢, e) and scanning electron microscopy (b, d, f) images for (a, b) RDS; (c, d) CDS; and (e, f) CADS adsorbents.
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Fig. 3. FTIR spectra of RDS, CDS and CADS adsorbents.
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Fig. 4. SEM mage of CADS after Pb ions adsorption process.



N. Sedira et al.

Journal of the Indian Chemical Society 99 (2022) 100318

R —=X/m
100 - 48
80
I
9 -4.6?
= 60 - E
£
>
x
40
- 4.4
20 -
o+ 42
5 15 60 120 180 240 300 330 400 415

Contact time (min)

Fig. 5a. Adsorption kinetics of Pb ions on CADS. [Pb?+]o = 100 mg/L; adsorbent mass = 0.5g; Vsolion = 25 mL; stirring speed = 500 rpm; pH = 5.6 = 0.2; T = 18 +
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Fig. 5b. Influence of the adsorbent mass on the adsorption of Pb ions on CADS. [Pb%+]o = 100 mg/L; Vsoluion = 25 mL; stirring speed = 500 rpm; contact time = 3 h;

pPH=56+02,T=18 +£2°C.

filter paper of 100 mm size. The final product “activated carbon” was
washed thoroughly with distilled until a neutral pH and dried in an oven
at 105 °C for 48 h.

In this study, three adsorbents were investigated, namely: raw date
stones “RDS”, carbonized date stones “CDS”, and carbonized/activated
date stones “CADS”.

2.2. Preparation of solutions

To determine the Pb(II) concentration; EDTA solutions have been

prepared with selected concentrations that allow a sufficient complexa-
tion of the metal ions and a buffer solution (pH = 10) was prepared from
a solution of ammonium hydroxide NH4OH (0.1 N) and a solution of
ammonium chloride NH4CI (0.1 N).

The adsorption solutions were prepared from a single salt Pb(NO3),
and from a mixture of electrolytes containing Pb(NO3); with Co(N-
03)2.6H,0. All reagents were supplied by Fisher Scientific-USA. The pH
of solutions was adjusted with NaOH and HNO3. All solutions were
prepared from analytical grade products and distilled water.
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Fig. 5c. Effectof volume solution to mass adsorbent ratio on the adsorption of lead ions on carbonized and activated date stones “CADS”. [Pb2+]0 = 100 mgL-1;
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Fig. 5d. Effect of the agitation rate on the adsorption of Pb ions on CADS. [Pb%+]o = 100 mg/L; adsorbent mass = 0.7g; Vsoluion = 75 mL; contact time = 3 h; pH = 5.6
+0.2, T=18 + 2 °C.

2.3. Adsorption of Pb(I) from aqueous solution by date stones complexing agent at pH 10.
The adsorption rate of Pb(II) (R%) was calculated as follow:
Amounts of adsorbent were mixed with volumes of solutions con-
taining Pb(II) at a concentration of 100 mg/L. The mixtures were stirred R(%) = G- C 1100 6}
on a multi-station magnetic stirrer for a well-defined contact time. The Go
zi(:)rfp?ij(;sgigtclgsl: Xzsszﬂi ltlli)tzj vf::g f?ltte(;e7d j;ngzce:ttntfl:l egeec?(:\tosf oﬂ(;g where Cy and C, represent respectively the initial and equilibrium Pb(II)
rpm for 30 min to ensure the separation of adsorbent fine solid particles.
The analysis of Pb(II) in the filtrates was performed by UV-Visible
spectrophotometry (Jenway) at wavelength of 240 nm using EDTA as

concentrations.
The amount of the adsorbed metal g is given as follow:
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Fig. 5e. Effect of temperature on the adsorption of Pb ions on CADS. [Pb%+]o = 100 mg/L; adsorbent mass = 0.7g; Vsoluion = 75 mL; contact time = 3 h; stirring speed
= 500 rpm/min; pH = 5.6 £ 0.2.
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Fig. 5f. Effect of pH solution on the adsorption of Pb ions on CADS. [Pb%+], = 100 mg/L; adsorbent mass = 0.7g; Vsoluion = 75 mL; contact time = 3 h; stirring speed
= 500 rpm/min; T = 30 °C.

b X @ X=(G-C).v 3)
m
where V represents the volume of solution.
where m represents the weight of the solid sample and X is defined as To improve the adsorption efficiency of Pb(II) on the activated carbon
follows [26]: derived from date stones, some operational conditions were optimized;
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Fig. 6a. Adsorption rate of Pb ions on CADS in single and mixed solutions. [Pb*"]y =

speed = 500 rpm/min; T = 30 °C; pH = 6.

nature of adsorbent, contact time, mass of adsorbent, volume solution to
mass adsorbent ratio, stirring speed, temperature, pH of solution, and
initial concentration of Pb(II).

The adsorption on activated carbon prepared from date stones was
also studied for a mixed solutions containing Pb(II) and Co(II) (cobalt
ions) at equimassic concentration, corresponding to an equivalent molar

[Co?*]o. Adsorbent mass = 0.78; Vsoluion = 75 mL; contact time = 3 h; stirring

concentration of Co(Il) equal to 3.5 times of Pb(Il). In fact, this ratio
reflects the real concentrations of industrial discharges from some iron
and steel industries in Algeria.

A comparative study has been carried out by varying the initial
concentration of Pb(II) in the feed solutions. For each concentration, two
types of activated carbon were tested; derived from date stones “CADS”
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Fig. 6b. FTIR spectra of CADS after adsorption of Pb ions in single and mixed solutions. Adsorbent mass = 0.78; Vgoluion = 75 mL; contact time = 3 h; stirring speed =

500 rpm/min; T = 30 °C; pH = 6.

and a commercial activated carbon “CAC”. The operational parameters
were fixed according to the previously optimized operational conditions.

To further improve the adsorption efficiency, ultrasound radiation
was utilized by investigating the effects of sonolysis time and tempera-
ture. Experiments were performed using an ultrasonic bath (Elmasonic S
60 H) at a frequency of 37 kHz and a power of 550 W.

The concentration of Pb(II) was determined at the wavelength of 240
nm using EDTA as chelating agent at pH = 10.0, knowing that at this
wavelength the complex of EDTA with Co(Il) gives almost zero
absorbance.

In this study, the adsorption measurements were carried out in trip-
licate and the estimated errors was estimated to be around 5%.

2.4. Characterization of adsorbents

The surface morphology of the as-prepared adsorbents were analyzed
by optical microscopy (OM) using a Zeiss Axio Imager M1 Trinocular
Frame optical microscope (Germany) and scanning electron microscopy
(SEM) using a PHENOM PURE scanning electron microscope
(Netherlands). The functional groups before and after Pb(II) adsorption
were determined by Fourier transform infrared (FTIR) spectroscopy
using IRAffinity-1S Shimadzu combined with a single reflection ATR
spectrophotometer (Germany).

The specific surface area of the adsorbents was measured by deter-
mining the methylene blue (MB) index [39]. This method is based on the
adsorption of MB molecules in the pores of the adsorbent for a specific
contact time of a given amount of adsorbent with a solution of a known
MB concentration. The maximum quantity of adsorbed MB will be used
to estimate the specific surface area of the adsorbent covered by MB
molecules.

3. Results and discussion

3.1. Optimization of operational conditions of Pb(II) adsorption on
activated carbon prepared from date stones

A preliminary study has been performed in order to examine the
adsorption capacity of the chosen material; i.e. activated carbon prepared
from date stones to achieve the optimum efficiency under given opera-
tional conditions.

3.1.1. Effect of adsorbent nature

The adsorption rate of Pb(II) on three types of adsorbents (Fig. 1), has
proved that the optimum efficiency was obtained for CADS (R = 90.47%,;
X/m = 4.52 mg/g) in comparison with CDS (R = 81.65%; X/m = 4.08
mg/g) and RDS (R = 70.03%; X/m = 3.50 mg/g).

These results are expected when considering that both carbonization
and activation processes are known to improve the physico-chemical
properties of the as-treated raw materials particularly the specific sur-
face area besides the creation of more active sites hence an enhancement
of the adsorption efficiency. This finding is greatly supported by sub-
stantial increase in the specific surface area; i.e. 128.8, 203.9 and 244.7
m?/g for RDS, CDS and CADS respectively.

The optical microscopy images displayed in Fig. 2 (a, c, e) indicate
that RDS, CDS and CADS have similar morphology with the development
of an important porous texture following the carbonization and chemical
activation processes. This has been further evidenced by SEM observa-
tions as shown in Fig. 2 (b, d, f) where both carbonized and activated
samples result in high porosity over the entire surface of the particles
with some heterogeneity. Fig. 2b reveals that the ground material (raw
date stones) is formed from agglomerates of fine particles besides large
particles forming such typical network microstructure. After
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Fig. 8a. Effect of sonolysis time on the adsorption of Pb ions on CADS assisted with ultrasound compared to stirred batch. [Pb2+]0 = 100 mg/L; adsorbent mass =

0.7 g; Vsoluion = 75 ml; stirring speed = 500 rpm/min; T = 18 + 2 °C; pH = 5.6 + 0.2.

carbonization, some cavities appear on the surface (Fig. 2d) which bands’ positions (shift) and relative intensity due to the different treat-

become more important following the activation process as consequence ments which can minimize the functional groups formed on the surface of

of the release of the cavities filled with tar (Fig. 2f). the adsorbent particles. The spectra corresponding to RDS, CDS and
FTIR spectral analysis shows that RDS, CDS and CADS adsorbents CADS display peaks at 623, 653 and 644 cm ™! respectively, assigned to

have similar chemical structure (Fig. 3), except some difference in the C-Br stretching vibration bond of bromoalkanes. The peak appeared at

10
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Fig. 8b. Effect of temperature on the adsorption of Pb ions on CADS assisted with ultrasound compared to stirred batch. [Pb2+]0 = 100 mg/L; adsorbent mass = 0.7
g; Vsoluion = 75 mL; sonolysis and contact time = 3 h; stirring speed = 500 rpm/min; pH = 5.6 + 0.2.

721 cm ™! for RDS can be attributed to C-H aromatic bond. The two peaks
observed at 1055 and 1172 cm ™! (RDS), 1001 and 1072 cm~! (CDS) and
1001 and 1122 cm’l(CADS), are characteristics of the stretching vibra-
tions of C-O bonds belonging to alcohol and phenol functions. For the
three adsorbents, others peaks have been detected; two bands at 1435
and 1548 cm™! ascribed to C=C stretching vibrations of alkenes, two
bands at 1749 and 1722 cm™! attributed to C=0 stretching vibration
bonds, and two bands at 2312 and 2374 cm ™ 'corresponding to C=N
bonds. For the RDS spectrum, additional peaks appear at 2852 and 2924
cm~! which can be associated with C-H bond. Furthermore, common
peaks are detected at 3641, 3730 and 3840 cm !, which are assigned to
the free O-H bonds, originating from to alcohols or carboxylic acids and/
or to simple hydroxyls belonging to the free water bound to adsorbents
surface.

Fig. 4 presents an SEM image of CADS after Pb(II) adsorption process,
it clearly highlights the presence of white spots (heavy elements appear
brighter compared to lighter elements since SEM contrast depend on the
atomic number) homogenously distributed over the entire agglomerates,
there by proving the fixation of metal cations on the adsorbent surface
compared to that before adsorption in Figure 2f.

Based on the results obtained following the preliminary adsorption
tests alongside SEM and FTIR characterizations, activated charcoal (i.e.
carbonized and activated date stones - CADS) has been selected for
further studies.

3.1.2. Effect of contact time

Fig. 5a illustrates the evolution of the adsorption capacity of Pb(II) by
CADS as function of contact time. A typical characteristic trend is
observed, a gradual increase until reaching an equilibrium stage known
as saturation. This phenomenon can be explained by the diffusion of Pb
ions to the adsorption sites to reach adsorption equilibrium where all
sites become occupied and manifest similar behavior towards Pb ions.
The same tendency was observed with other comparable sorbent-metal
systems [40-42]. The adsorption of Pb ions becomes stable after 180
min where a steady state is established, estimated as R = 90% (X/m =
4.53 mg/g) for a Pb(II) concentration of 100 mg/L and a natural pH (5.6
+0.2).

11

3.1.3. Effect of the adsorbent mass

For an initial Pb(II) concentration of 100 mg/L and an equilibrium
contact time of 180 min, it is noted that the adsorption rate varies
considerably when changing the CADS adsorbent mass from 0.1 to 2.0 g,
see Fig. 5b. Indeed, the adsorption rate almost doubled from 53% for up
to 93% for 0.1 g and 0.7 g respectively, then reached a steady state. This
is in good agreement with [43]. Meanwhile, the adsorbed quantity of Pb
ions decreases significantly from 13.26 mg/g for 0.1 g up to 1.16 mg/g
for 2.0 g. This decrease is expected, because the smaller the quantity of
adsorbent, the more saturated it will be for the same quantity of solute,
but the rate and kinetics of adsorption are strongly dependent on the
intrinsic (selectivity) and extrinsic (such as surface area) characteristics
the adsorbent alongside the optimized operational parameters.

3.1.4. Effect of (solution volume)/(adsorbent mass) ratio

For a fixed amount of CADS adsorbent (0.7 g) while varying the so-
lution volume from 25 to 75 mL (Fig. 5¢), it is noted that the adsorption
capacity of Pb(Il) increases gradually reaching a maximum value around
94.9%. This result can be explained by the fact that 0.7 g of adsorbent
mass can provide more active sites for Pb ions, meanwhile their amount
increases by increasing the solution volume. However, a rise in the so-
lution volume beyond 75 mL for the same initial concentration (100 mg/
L), results in a decline of the adsorption rate because the amount of Pb
ions becomes more important as the adsorbent mass becomes insufficient
to retain all of them. Accordingly, a solution volume of 75 mL corre-
sponds to the optimum value for the adsorbent mass of 0.7g. Similarly,
the adsorbed quantity gradually increases by increasing the solution
volume; i.e. the value of X/m increases significantly from 3.31 mg/g for
25 mL up to 22.51 mg/g for 175 mL. This result can be explained by the
fact that for the same adsorbent mass (0.7 g), a larger volume of the feed
solution leads to an increase in the quantity of solute which in evidenced
by a greater adsorbed amount of Pb(II) on the surface of adsorbent.

3.1.5. Effect of stirring speed

As can be seen in Fig. 5d, it is found that the highest capacity of Pb(II)
removal by CADS occurred at an optimal agitation speed of 500 rpm/
min; with R = 94.9% and X/m = 10.17 mg/g. The adsorption rate and the
adsorbed amount increase with increasing the agitation speed from 100
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Fig. 9. Adsorption isotherms (a) and linearization of Langmuir (b) and Freundlich (c) models at different temperatures for the adsorption isotherms of Pb ions on
CADS. [Pb2+]0 = 100 mg/L; adsorbent mass = 0.7 g; Vsoluion = 75 mL; stirring speed = 500 rpm/min; pH = 5.6 + 0.2.

Table 1

Parameters of Langmuir and Freundlich models’ for the adsorption of Pb ions on
carbonized and activated date stones “CADS” at different temperatures. [Pb%**] =
100 mg/L, volume of solution = 75 mL, mass of adsorbent = 0.7g, stirring speed
= 500 rpm/min, pH = 5.6 &+ 0.1.

Temperature Langmuir model Freundlich model

°C

co b (mg/ a(L/ R? Kg 1/n R?

g) mg)

18 10.3950 1.4938 0.8908  8.2414  0.0681  0.8801
30 10.3842 2.4442 0.9768  8.9207 0.0441  0.8575
40 10.4712 0.9254 0.9510 7.5197 0.0949 0.8869
50 9.8232 3.4276 0.9200 8.7297  0.0360  0.7056
60 9.6432 1.5904 0.8877  8.0612  0.0495  0.9832

to 500 rpm. This phenomenon can be explained by the fact that the
diffusion rate of solutes from the bulk liquid to the liquid boundary layer
surrounding the adsorbent particles becomes faster because of a the
enhancement of turbulence and a decrease of the thickness of the liquid
boundary layer [44]. However, much higher agitation speed above the
optimal value (600 and 700 rpm) generates the accumulation of solute
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ions on the surface of adsorbent particles and hence a concentration
gradient is established between the solid and the bulk solution. Indeed,
this concentration gradient favors the creation of a diffusion flow
antagonistic to convection flow of the solution, which induces to a
decrease in the adsorption rate.

3.1.6. Effect of temperature

The variation of the medium temperature from 18 to 30 °C has been
found to have a direct impact on the adsorption rate of CADS; a maximum
value of 95.76% is reached at a fixed Pb(II) amount of 10.26 mg/g
(Fig. 5e). This means that the increase in temperature promotes ions
kinetic energy thereby favoring their distribution homogeneously over
the entire adsorbent particles surface. Indeed, it is well-known that the
diffusion rate of the adsorbate solutes increases with the rise in the me-
dium temperature, owing to the decrease in the viscosity of the solution
[44]. However, when the medium temperature reaches the range 40-60
°C, it will cause a drop in the adsorption rate, because at higher tem-
perature, the attractive forces between the adsorbent surface and metal
ions are weakened and the adsorption decreases which supports physical
adsorption. In addition, at high temperatures, the thickness of the
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Fig. 10. Kinetic adsorption (a), First-order rate (b), Pseudo-second order rate (c) and Second-order rate (d) models for the adsorption of Pb ions on CADS. [Pb2+]0 =
100 mg/L; adsorbent mass = 0.7 g; Vsoluion = 75 mL; stirring speed = 500 rpm/min; pH = 5.6 + 0.2.

Table 2

Models rate constants for Pb ions adsorption kinetics on carbonized and activated
date stones “CADS”. [Pb%*] = 100 mg/L, volume of solution = 75 mL, mass of
adsorbent = 0.7g, stirring speed = 500 rpm/min, pH = 5.6 + 0.1.

Temperature (°C) 18 30 40 50 60

Qe exp (Mg/g) 10.1679 10.2603 9.8923 9.6081 9.5351
First order rate model

Qe cal (Mg/g) 2.1198 2.3153 3.1311 1.3750 0.8608
ki, (1/min) 0.0166 0.0258 0.0214 0.0271 0.0071
R? 0.9655 0.8595 0.9187 0.9873 0.7343
Pseudo-second-order rate model

Qe cal (Mg/g) 10.4493 10.4712 10.2669 9.7561 9.6154
k’(g/mg.min) 0.0148 0.0235 0.0125 0.0389 0.0236
R? 0.9995 0.9999 0.9992 0.9999 0.9984
Second-order rate model

Qe cal (Mg/g) - - - - 1.5584
k (g/mg.min) 0.0441 0.2433 0.0770 0.2903 0.0192
R? 0.8003 0.5862 0.7118 0.8978 0.6535

boundary layer surrounding the adsorbent particles decreases due to the
excessive leakage of solutes from the surface of the biomaterial to the
solution which leads to a decrease in the adsorption [45].

3.1.7. Effect of pH

It has been reported that the removal of Pb ions by adsorption is
highly dependent on the pH of the aqueous solution; hence this param-
eter has been examined in detail for CADS. During the experimental
study, the pH of the solution has been varied from 2 to 7 after deter-
mining the pH at zero charge point of the adsorbent (pHpzc = 5.8), where
the net charge on the surface of the adsorbent is zero. This parameter is
very important in adsorption phenomena, especially when electrostatic
forces are involved in the mechanisms. A quick and easy way to deter-
mine the pHPZC of the adsorbent consists on mixing 1 g of solid with 20
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cm of CO2-free distilled water. The slurry is kept in a plastic bottle and
shaken periodically for one or two days until the pH is stabilized, taking
the final pH of the slurry as the pHPZC of the solid [46]. The results for
the different pH values are shown in Fig. 5f. As the pH of the solution
drops, the surface of adsorbent is positively charged (pH < pHPZC)
which will not promote the adsorption of positively charged metal cat-
ions due to the electrostatic repulsion. At pH = 2, the medium is strongly
acidic and the adsorption is negligible (around 20%) because the number
of positively charged surface sites increased, leading to electrostatic
repulsion between the adsorbent surface and Pb cations. Furthermore,
this finding can be explained by the fact that the concentration of protons
H+ is high in solution which induces a competition with Pb(II) ions for
the free active sites available at the surface of the adsorbent [47]. At pH
= 6, the adsorbent becomes very effective for the elimination of Pb ions
from the aqueous solution reaching a maximum rate (R = 96.86% and
X/m = 10.38 mg/g) due to the attractive forces between Pb cations and
the negatively charged surface of the adsorbent. At pH = 7, the adsorp-
tion rate decreases as we begin to approach the pH value corresponding
to the precipitation of lead ions due to their transformation to the various
hydrolysis products, namely Pb(OH)" and/or Pb(OH), which are less or
not retained by the adsorbent [48].

3.1.8. Effect of initial concentration

The adsorption process was found to be greatly influenced by the
initial concentration of lead ions in the aqueous solution. Fig. 5g high-
lights that the adsorption capacity increases significantly when the initial
concentration varies in the range 100-300 mg/L, reaching a maximum
value of about 97.43% for [Pb+2]0 = 300 mg/L (X/m = 31.32 mg/L).
This can be attributed to the attractive forces between the lead ions
which are positively charged and the surface of CADS which becomes
negative at the pH of the experiment (pH = 6 > pHPZC). An increase in
the initial concentration of metal ions beyond 300 mg/L in solution
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Fig. 11. External diffusion (a) and internal diffusion (b) models for the adsorption of Pb ions on CADS. [Pb2+]0 = 100 mg/L; adsorbent mass = 0.7 g; Vsoluion = 75

mL; stirring speed = 500 rpm/min; pH = 5.6 +£ 0.2; T =18 + 2 °C.

Table 3

Diffusion parameters of Pb ions adsorption kinetics on carbonized and activated
date stones “CADS”. [Pb%*] = 100 mg/L, volume of solution = 75 mL, mass of
adsorbent = 0.7g, stirring speed = 500 rpm/min, pH = 5.6 + 0.1.

Temperature (°C) 18 30 40 50 60
External diffusion

Kex 0.0307 0.0393 0.0319 0.029 0.0448
R? 0.7743 0.8429 0.8737 0.3505 0.8451
Internal diffusion

Kin(m.L~*.min~%%) 0.1486 0.1156 0.1667 0.0715 0.0837
C 8.1981 8.8026 7.7105 8.4296 8.5899
R? 0.9879 0.879 0.9858 0.7860 0.8080
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causes a slight decrease in the retention capacity. The same trend was
noticed by Alghamdi et al., when they investigated the adsorption of lead
ions on polypyrrole-based activated carbon. The authors have explained
this behavior by the fact that the presence of a higher amount of adsor-
bate per unit mass of adsorbent may restrict the adsorption process [49].

Otherwise, the presence of a large number of Pb(II) leads to a
screening of the negative charges of adsorbent and therefore repulsion is
generated between the surface and Pb cations. The amount of Pb(II)
adsorbed at equilibrium increased from 10,38 mg/L to 65.7 mg/L as the
concentration was increased from 100 to 700 mg/L; this is probably due
to the decrease in the resistance to lead ions uptake as the mass transfer
driving force increased [44].
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Table 4

Thermodynamic parameters for the adsorption of Pb ions on carbonized and
activated date stones “CADS”. [Pb%>"] = 100 mg/L, volume of solution = 75 mL,
mass of adsorbent = 0.7g, stirring speed = 500 rpm/min, pH = 5.6 + 0.1.

InKyq Temperature(°C) AG® (kJ/mol) AS° (kJ/mol.K) AH° (kJ/mol)
0.0492 18 -1.67 —0.062 -20.23
0.1307 30 —2.23

0.2116 40 —-0.66

0.3571 50 0.19

0.3580 60 0.39

3.2. Adsorption of Pb ions in mixed solutions

The adsorption capacity of CADS towards Pb ions in mixed solutions;
i.e. cobalt ions; has been investigated, see Fig. 6a. The initial concen-
tration of Pb(II) varies 100, 200, 300, 400 and 500 mg/L (4.83.10’4,
9.65.107%, 14.48.107%, 19.31.107* and 24.13.10™* M) while the con-
centration of Co(Il) is 3.5 the concentration of Pb(II). Herein, it is
important to highlight that the chosen range of concentration is equiv-
alent to that of Algerian industrial discharges. From Fig. 6a, it can be
observed that an increase in initial metal concentration leads to a
decrease in the adsorption efficiency. The impact is more pronounced at
low concentrations, in particular at 100 mg/L wherein the adsorption
rate of Pb ions drops significantly up to 32%. Since all metal ions are
divalent, this decline in the adsorption can be attributed to the steric
factor (the ionic radius of Pb2+ is larger compared to that of Co2+; 119
and 65 p.m. respectively), as consequence Co(II) can access to the active
sites on the adsorbent surface more easily compared to Pb(II) thereby
reducing the adsorption rate of Pb ions.

Some researchers have studied the simultaneous adsorption of Hg?*,
Pb?t and Cu?* from aqueous solution via Yarrowia lipolytica 70,562
living mass. They have recorded a decrease in lead ions uptake as the
initial ions concentration increases. This decrease may be due to
competition among Pb(II) ions with the other ions for limited number of
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accessible active sites because of their saturation [50].

In contrast, the amount of Pb ions increases as the initial concentra-
tion in the medium is increased; single and mixed solutions; because the
ionic strength becomes more important which leads to a greater mass
transfer.

FTIR spectral analysis of the adsorbent (Fig. 6b) undergoing adsorp-
tion of Pb(Il) contained in single [Pb(NOs3);] and mixed [Pb(NOs)2/
Co(NO3)2-6H20] solutions, reveal that CADS has kept the same surface
functional groups, as discussed previously in Fig. 3 (Red curve).

3.3. Comparison between the adsorption capacities of CADS and CAC

The carbonized and activated carbon made from date stones “CADS”
has shown an efficiency as good as commercial coal throughout the
experimental concentration range 100-700 mg/L (Fig. 7). It should be
noted that, at lower concentration of 100 mg/L, the adsorption on CADS
(R = 96.86%, X/m = 10.38 mg/g) is greater than that of CAC (R =
75.82%, X/m = 8.12 mg/g) and the adsorbed amount is enhanced as
higher concentration. Indeed, date stones are a potential source for the
production of a cost-effective activated carbon for the removal of heavy
metals.

3.4. Adsorption of Pb ions assisted by ultrasound radiation

3.4.1. Effect of sonolysis time

The adsorption of Pb ions on CADS with and without ultrasonic ra-
diation has been examined by varying the sonolysis time from 10 to 240
min, see Fig. 8a. As can be seen, an identical trend is observed for the
adsorption curves, revealing a gradual increase as a function of time until
reaching a stable state at 180 min. This equilibrium time is considered
sufficient to achieve saturation, in agreement with the literature [30,51].

The hybrid technique using adsorption under ultrasound has proven
to be more effective than in stirring batch mode. The removal efficiency
of Pb(II) from feed solutions is found to increase up to 98.16% (X/m =
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Fig. 13. Adsorption mechanism of Pb ions on CADS.

10.52 mg/g) under ultrasound instead of 94.9% (X/m = 10.17 mg/g)
under magnetic stirring. Alipanahpour Dil et al. have shown that the
simultaneous removal of lead ions and malachite green dye from aqueous
solutions by adsorption on the copper oxide nanoparticle-loaded acti-
vated carbon assisted with ultrasound is strongly affected by the soni-
cation time; hence the removal rate increases with increasing ultrasound
irradiation time [52].

The utilization of sound waves enhances the adsorption of Pb ions due
to the acoustic cavitation which increases mass transfer process at the
surface and the pores within the adsorbent [30,53,54]. The diverse ef-
fects of cavitation process namely turbulence phenomenon and micro-
streaming cause a better mass transfer of solute from solution to the
adsorbent surface. Other effects; i.e. micro-jets and shockwaves, may also
cause the creation of supplementary adsorption sites on the adsorbent
surface leading to much enhanced efficiency [35]. On the hand, the
acoustic cavitation induces a rise in the medium temperature and pres-
sure close to the adsorbent surface which can also affect its morpholog-
ical appearance and create other active sites favoring further
enhancement in the adsorption capacity [35,55,56].

3.4.2. Effect of temperature

The effect of temperature in the presence of ultrasound is studied by
varying the medium temperature from 18 to 60 °C. The temperature was
controlled by water circulating from a thermostatic bath through a
copper cooling system. In the first step, the adsorption efficiency slightly
increases when varying the temperature from 18 to 30 °C (Fig. 8b), this
phenomenon can be ascribed to the increase in the diffusion rate of Pb
ions with increasing temperature, following the decrease in the viscosity
of solution [31]. Beyond 30 °C, the efficiency decreases from 98.77 to
92.70% after 180 min of ultrasound irradiation. Similar results have been
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reported in the literature, where the adsorption capacity of Pb ions drops
with increasing temperature due to the tendency of these ions to escape
from the adsorbent surface into the solution leading to a reduction in the
thickness of boundary layer [45,57].

In this study, the effect of temperature is assisted by the utilization of
ultrasound irradiation, which facilitates the formation of cavitation
bubbles due to a decrease of the liquid tensile stress and viscosity [35].
Therefore, the collapse bubbles near the surface participate strongly in
the dispersion of Pb ions and disrupt the adsorption phenomenon which
can support the hypotheses reported previously in the literature [31,35].

Furthermore, the adsorption of Pb ions is found to be improved under
ultrasound irradiation compared to conventional method over the entire
studied temperature range. Sonication improve the adsorption of metal
ions through the extreme conditions created by cavitation bubbles which
provide a sufficient energy for better interaction with the active sites
present at the adsorbent surface [31].

3.5. Modeling

3.5.1. Adsorption isotherms

Adsorption isotherms are expressed by the variation of the adsorbed
solute amount q. versus the equilibrium concentration C.. The Freund-
lich (4) and Langmuir (5) equations are used in their linearized form:

X_ke.ch @
m

C,

X_ b
m (I+a.C,)

(5)

where KF and n are constants characteristic of the efficiency of a given
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adsorbent towards a given solute, a is a thermodynamic equilibrium
constant (L/mg), and b the maximum adsorption capacity (mg/g).

As shown in Fig. 9a, at Pb ions concentration 100 mg/L, the curve qe
vs. Ce is compatible with the isotherm “L-type”. It should be emphasized
that the established modeling is related to the adsorption carried in
stirred mode at various temperature (18, 30, 40, 50 and 60 °C).

Afterwards, the experimental data are fitted using Langmuir and
Freundlich isotherms (Fig. 9b and c). For the Langmuir model, the
adsorption sites are energetically equivalent whereas in the Freundlich
model there is a coexistence of different energies distributed exponen-
tially with the adsorption heat [26,38]. The quality of the isotherms
fitting is assessed by the regression coefficient; then as can be seen in
Table 1 the values of R? deduced from Langmuir model are generally
closer to unity and slightly higher than those from Freundlich model
(Table 1). Then both Langmuir and Freundlich models provided a
reasonable fit to the isotherm data, which implies that the adsorption
process is carried out in single and multi-layers simultaneously.

3.5.2. Adsorption kinetics

The adsorption kinetics of Pb ions by CADS is modeled using the first-
order rate of Lagergren (Eq. (6)), the pseudo second-order rate (Eq. (7))
and the second order rate (Eq. (8)) [58,59]:

kg
log(g. — q:) =logq., — 23 t (6)
t 1 1

S— +(=).¢ @

a9 (K.q¢) (%)

1 1
=k t+ — (8)

(9. — ) qe

where kj, is the Lagergren rate constant of sorption (1/min), k’ the
pseudo-second-order rate constant of sorption (g/mg.min), k the rate
constant (g/mg.min), q. and q; are the amounts of metal adsorbed (mg/g)
at equilibrium and at a given time t, respectively.

In this context, the influence of temperature (18, 30, 40, 50 and 60
°C) on the adsorption kinetics of Pb ions in stirred mode has been studied.
The results presented in Fig. 10a, indicate that the curves have the same
shape characterized by a strong increase of the Pb(II) amount adsorbed
by CADS during the first minutes of contact between the aqueous solution
and the adsorbent, followed by a slow increase until reaching an equi-
librium state at 180 min. Moreover, the rise of temperature from 18 to 30
°C provides a further increase in the amount of Pb(II) adsorbed at equi-
librium; i.e. X/m increases from 10.17 mg/g t010.26 mg/g.

For an initial Pb(II) concentration of 100 mg/L, the constants values
calculated from the slopes and intercepts of the linear plots log(qe-qy) vs.
t, t/qy vs. t, and 1/(qe—qy) vs. t (Fig. 10b-d) are summarized in Table 2. It
can be noted that only the pseudo-second-order reaction rate model
adequately describes the adsorption kinetics of Pb ions with a relatively
high R? value of 0.999 (Fig. 9¢) and a calculated values “qe cal” very close
to those obtained experimentally “qe exp”. This result is in good agree-
ment with the literature; the elaborate kinetic studies indicate that the
adsorption reaction of Pb ions follows a pseudo-second-order model [52,
60-63].

3.5.3. Diffusion process

Modeling the transfer phenomenon of a solute from a liquid phase to a
solid phase, to express the external diffusion, is often given by Ref. [43]:

G —C,

G -C. ©

In =key .

where C; is the ions concentration at time t and Key; is the constant of
external diffusion. The plot In[(Co—C.)/(Ci-Ce)] vs. t helps to assess
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whether the external diffusion step is decisive for the adsorption
phenomenon.

From Fig. 11a, describing the modeling of adsorption at room tem-
perature (18 + 2 °C), it is clearly observed that the external diffusion of
Pb(II) between the adsorbent particles is not a critical-step in the
adsorption process because the experimental data is not well-fitted by
this model (R? values are not high). The values of external diffusion
constant key and R? are given in Table 3 (figures not shown here).

According to Wu et al., the intraparticle diffusion kinetics expression
is often presented by the simple equation [64]:
q,:k,‘mtl/z +C (10)
where q; is the quantity adsorbed at a given time t, kj, is the internal
diffusion constant and C is a constant related to the thickness of the
boundary layer.

The modeling of the Pb(II) adsorption on CADS at ambient temper-
ature (18 + 2 °C) is illustrated in Fig. 11b. Indeed, the experimental data
are aligned with a considerable regression coefficient R? = 0.9879);
indicating that the intraparticle diffusion process can be considered as
limiting step in the adsorption process. In addition, the modeling results
(kin and R?) of intraparticle diffusion kinetics for different temperatures
are given in Table 3 (figures not shown here). It can be noticed that the R
values of the intraparticle diffusion kinetics are higher compared to that
of external diffusion and close of the unity, which confirms that the
intraparticle diffusion is a limiting-step controlling the transfer of Pb ions
from solution towards CADS. Several studies carried out on the adsorp-
tion of heavy metals including Pb(II) on different materials showed that
the pore diffusion contributed more to intraparticle diffusion than the
surface diffusion [50,60-62,65].

3.5.4. Thermodynamic study

In thermodynamic studies, both energy and entropy factors must be
considered in order to determine which process will occur spontane-
ously. The Gibbs free energy change (AG®) is the fundamental criterion; a
process occurs spontaneously at a given temperature if AG® is a negative
quantity. To estimate the effect of temperature on Pb(II) adsorption by
CADS, the Gibb's free energy (AG?), enthalpy change (AH®) and entropy
change (AS®) have been determined by means of the following equations
[66]:

AG’= —R.T. InK, 11)

AG"= AH" —T.AS" (12)
where Kq = qe/Ce, T is the absolute solution temperature (K) and R is the
universal gas constant. As shown in Fig. 12, the plot AG® vs. T is linear,
where the values of AH° and AS° represent the slope and intercept,
respectively and the calculated parameters are given in Table 4.

The negative values of AG at temperatures of 18, 30 and 40 °C (i.e.
—1.67 kJ/mol, —2.23 kJ/mol and —0.66 kJ/mol respectively) confirm
the feasibility of the process and the spontaneous nature of adsorption,
which is in good agreement with the literature for the adsorption of Pb
ions by different adsorbents like clinoptilolite and magnetic nano-
particles as well as cyano containing organic-inorganic mesoporous silica
framework (Fe304@TiO2-CN) [67,68]. However, the positive values of
AG? obtained at 50 and 60 °C (i.e. 0.19 kJ/mol and 0.39 kJ/mol
respectively) indicate that the process becomes less spontaneous, similar
phenomenon has been observed by Adebisi et al. for the adsorption of Pb
and Zn ions from aqueous solution onto activated carbon prepared from
palm oil mill effluent [69].

The negative value of AH? (—20.23 kJ/mol) confirms the exothermic
character of Pb(II) adsorption, and since the value found was low (<40
kJ/mol) the adsorption is considered physical in nature which implies
weak forces of attraction at the adsorbent/solution interface wherein the
main forces involved are the electrostatic interaction, van der Waal
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forces, - interaction, hydrogen bond, etc [6].

Likewise, the negative value of AS° (—0.062 kJ/mol) corresponds to a
decrease in the randomness at the interface adsorbent/solution during
the adsorption of metal ions; which signifies that the distribution order of
lead ions on the adsorbent is important compared to that in the solution
[70].

From the modeling study, the adsorption of lead ions on CADS over
time can consist of four stages (Fig. 13): (1) transfer of Pb(II) from so-
lution to the boundary layer i.e. the surface film surrounding the adsor-
bent particles (bulk diffusion); (2) transfer of Pb(II) through the
boundary layer to the outside of the adsorbent particles (external diffu-
sion); (3) transfer of Pb(II) within the adsorbent particles to the
adsorption sites i.e. the limiting step (internal diffusion); and (4) physical
adsorption of lead ions by the functional groups existing on the surface of
CADS such as -OH, C-O, C=0 and C-H; this is the exothermic step.

4. Conclusion

A low-cost process was adopted to transform date stones biowaste
into cost-effective heavy metal ions adsorbent through simultaneous
carbonization and activation processes. The optimization of operational
parameters allows an excellent level uptake of lead ions on CADS surface
(R = 97.43%). The adsorption isotherms of Pb ions on CADS are of “L
type” and are satisfactory described by the Langmuir and Freundlich
models. The kinetics study showed that the process follows pseudo sec-
ond-order kinetics and controlled by the internal diffusion. The ther-
modynamic study pointed out that the system was spontaneous and
exothermic. Throughout the studied concentration range, CADS exhibits
better adsorption efficiency for lead ions (96.86%) compared to that of
CAC (75.82%).

The adsorption of Pb ions on CADS under ultrasound irradiation
proved an enhancement in the adsorption efficiency while an increase in
medium temperature induced a negative effect. The adsorption of Pb ions
was also affected by the presence of Co ions in the solution (a drop of
32%).

This study highlighted the importance of transforming biowaste, in
this case date stones, into inexpensive adsorbents with enhanced char-
acteristics as potential candidates for the removal of heavy metals as well
as other organic pollutants from wastewaters.
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