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Abstract: This study aimed to develop four adsorbents,
neat and activated, from the cardoon leaves and stems.
The developed adsorbents were first analyzed to determine
the surface acid-base properties using Boehm’s method, pH
at zero charge point, iodine and methylene blue values, and
moisture, ash, and fixed carbon contents. They were also
characterized by scanning electron microscopy coupled
with energy-dispersive X-ray analysis, X-ray diffraction,
Fourier transform infrared absorption spectroscopy, ther-
mogravimetric analysis, and inductively coupled plasma
atomic emission spectroscopy. After that, these adsorbents
were applied for adsorption of an organic dye “brilliant
green” (BG), and the effect of various parameters on the
adsorption efficiency was evaluated. The obtained results
revealed the differences between the adsorbents derived
from the neat cardoon leaves and stems and their activated
carbon in terms of properties and BG adsorption efficiency.
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1 Introduction

Cardoon is a plant species of the Asteraceae family (Cynara
cardunculus L.), which has recently attracted the interest of
food and pharmaceutical industries, whether cultivated or
wild [1,2]. Its derivatives can be used as a vegetable coagu-
lant in the production of certain cheeses, paper pulp, and
edible oil [1-3]. The many industrial applications of this
plant produce millions of tons of waste [4] which pollute
the environment. However, these wastes are an important
source of biologically active compounds such as antioxi-
dants [4], making them potential precursors for the pre-
paration of environmentally friendly adsorbents for the
reduction and even elimination of organic dyes contained
in industrial effluents, mainly those from textiles [5-7].
Several physico-chemical processes have been used to treat
organic dyes, such as adsorption [8-10], coagulation-floccula-
tion, membrane filtration [11], and adsorption on commer-
cially activated carbon. However, only adsorption remains
industrially exploitable and eco-compatible. As a result, scien-
tists are constantly looking for adsorbents that are cheaper,
easier to prepare, and more effective than commercial acti-
vated carbons. A variety of plant wastes have recently been
used to develop environmentally friendly adsorbents and
tested for optimal adsorption in water and industrial effluent
treatment [12,13]. The aim of this study was to develop four
adsorbents from the leaves and stems of crude and activated
cardoon wastes. The prepared materials’ moisture, ash, and
fixed carbon contents were determined, along with surface
acid-base functions, pH at zero charge point (pHpzc), and
iodine and methylene blue values. Characterization by
energy-dispersive X-ray spectroscopy coupled with scanning
electron microscopy (EDX-SEM), X-ray diffraction (XRD),
Fourier transform infrared (FTIR) absorption spectroscopy,
inductively coupled plasma atomic emission spectroscopy
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(ICP-AES), and thermogravimetric analysis (TGA) was also
carried out. Their adsorption efficiency was evaluated and
optimized using a solution of brilliant green (BG). The effects
of solution pH, adsorbent mass, contact time, initial dye
concentration, medium temperature, and salinity were stu-
died, along with their kinetics and BG adsorption.

2 Materials and methods

2.1 Materials

After being gathered from a vegetable market in Fez,
Morocco, vegetable waste from C. cardunculus L. was
cleaned, dried, separated into leaves and stems, ground,
and sieved to a diameter of between 50 pm and 0.2 mm.
They were then Soxhlet extracted in a solvent [4]. The leaf
and stem residues resulting from this extraction were
divided into two parts: the first was washed with distilled
water, filtered, and oven-dried at 110°C to obtain ecological
adsorbents denoted as AdsF for the leaves and AdsT for the
stems. The second part was chemically and physically acti-
vated to obtain activated carbon, denoted as CAF for leaves
and CAT for stems. Chemical activation was carried out on
a mass of residue using a 30% volume of H3PO,. At room
temperature, the resultant mixture was swirled for 24 h.
After Biichner filtration, the residue was neutralized with
water and oven-dried for 24 h. Physical activation was car-
ried out as follows: the obtained dry product was placed in
a Lenton furnace - a type of muffle furnace. The thermal
cycle took place in two stages lasting one and a half hours
at 180°C and one and a half hours at 350°C with an increase
of 5°C/min in the heating rate [6-14]. Yields of ecological
adsorbents and activated carbons were calculated from
equation (1):

Final mass

— x 100. (4]
Initial mass

Yield (%) =

2.2 Characterization methods
2.2.1 Preliminary analysis

Using the ASTMD standard technique 2867-99, we deter-
mined the moisture and volatile matter content of various
samples. The ash content was determined using the ASTMD
standard technique 2867-94. The fixed carbon content was
obtained by deducting the moisture, volatile matter, and
ash contents from 100% [15].
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2.2.2 Quantification of surface oxygen groups using
Boehm’s method and pHpzc

Boehm’s method was used to determine the acidic or basic
nature of the adsorbents’ surface. The graphical method
for detecting pHpyc uses curves of the final pH values (pHy)
as a function of initial pH values (pH,) [6].

2.2.3 Iodine value and methylene blue value

The quantity of iodine adsorbed by the developed materials
was evaluated using the standard method (AWWA B600-76)
[16]. Quantification of the methylene blue index for the four
adsorbents was carried out using the CEFIC 1989 method [17].

2.2.4 Characterization by physicochemical methods

Adsorbents’ surface morphology and porosity were ana-
lyzed using a JEOL-IT500 HR scanning electron microscope,
coupled with an EDX spectrometer for the qualitative
determination of their constituent compounds. An X-ray
diffractometer Panalytical X’Pert Pro was used to identify
the crystal structure. The bonds of the functional groups
present in the chemical composition of the adsorbents
were identified using a Bruker Vertex 70 FTIR spectrophot-
ometer in ATR mode. Elemental analysis was carried out
by ICP-AES using a Horiba Jobin-Yvon Activa type [18]. A
LINSEIS high-end thermobalance (TG + DSC) (LINSEIS STA
PT 1600) was used to test the adsorbents’ thermal stability
between 20 and 1,000°C at a heating rate of 10°C/min.

2.3 Adsorption process

The Batch technique was used for adsorption experiments
[6]. A dye solution with a concentration of C, having a
volume V and an adsorbent mass m distributed throughout
it was used. After 30 min of stirring, the mixture was cen-
trifuged. Using a UV spectrophotometer, the equilibrium
concentration of C. dye in the filtrate was ascertained
spectrophotometrically.

The quantity of dye adsorbed g, was determined by
equation (2):

Co- Ce
m

q. = x V. @

Adsorption percentage of dye (% Ads) was calculated
by formula (3):
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Co-C
% Ads = % x 100. )

0

2.3.1 Kinetics and isotherm of adsorption

2.3.1.1 Adsorption kinetics

The BG dye’s adsorption kinetics was investigated on the
AdSsF (ecological adsorbent made from raw leaves), AdsT (eco-
logical adsorbent made from raw stems), CAF (ecological
adsorbent based on chemically and physically activated
leaves), and CAT (ecological adsorbent based on chemically
and physically activated stems) samples. The correlation
between the experimental results and those of the kinetic
model forms the basis of this study. Namely:

- The Lagergren model (pseudo-first order — PFO) deter-

mined by equation (4) [19]:

In(q, - q) =In(q,) - K - ¢, @

where K; is the pseudo-first-order kinetic constant in min?,
q; is the quantity of BG adsorbed at time ¢ in mg/g, g, is the
quantity of BG adsorbed in equilibrium in mg/g, and ¢ is the
contact time in min.
- The Blanchard model (pseudo-second order — PSO) deter-
mined by equation (5) [20]:
t 1 1

- = + — 4 5)
@ K-4 q

where K, is the rate constant for the second-order adsorp-
tion reaction of the dye on the adsorbent in g mg™ min™

The R correlation coefficients and the values of the the-
oretical and experimental maximal quantities were used to
assess the consistency between experimental results and
those predicted by these models.

2.3.1.2 Adsorption isotherms

We selected the two most popular models, the Freundlich

and Langmuir models, to simulate adsorption isotherms.

- The Langmuir model is defined by formula (6) [21]:
Ce 1 1

= . Ce +
qe qmaX

K’ (6)

Omax

where g, is the quantity of dye adsorbed at equilibrium
in mg/g, C, is the concentration of dye at equilibrium in
mg/L, and K, is the thermodynamic equilibrium con-
stant for adsorption in L/mg.

- The Freundlich model is represented by formula (7) [22]:

1
Log(q.) = Log(Kr) + e Log(Ce), ™

where K; is the Freundlich constant and ny is the adsorp-
tion intensity.
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3 Results and discussion

3.1 Adsorbent characterization
3.1.1 Preliminary analysis

The preliminary analysis results in Table 1 show that AdsF
and AdsT raw adsorbents have lower moisture, ash, and
fixed carbon contents than CAF and CAT. However, the vola-
tile matter content is lower for CAF and CAT. Alongamo et al.
found that the peelings of “cassava tubers” produced dis-
tinct outcomes when it came to activated carbon.

3.1.2 Quantification of surface oxygen groups using
Boehm’s method and pHp;c

3.1.2.1 Acid-base character: Boehm’s method

The results obtained from the acid-base analysis of the
surface functions of the adsorbent show that the acid func-
tions predominate, with CAF and CAT being more acidic.
Similar results were obtained for activated carbon pre-
pared from “coffee waste” (Table 2).

3.1.2.2 pHpzc
The results of pHpzc in Figure 1 indicate that the pHpyc
values obtained for AdsF and AdsT are 6.8 and 5.8, respec-
tively. However, the pHpzc values for CAF and CAT are in
the order of 4.9 and 6.2, respectively; this shows that all
four adsorbents are acidic in character. When the pH falls
below the pHpyc value, the adsorbent surface is positively
charged; when the pH rises over the pHpyc value, it is nega-
tively charged. The density of negatively charged ions on the
adsorbent surface rises as the pH moves closer to pHpyc.
These results concur with those of surface functional group
quantification. Benadjemia et al. found similar outcomes
with activated carbon made from artichoke leaves [24].

Table 1: Results of preliminary analyses of AdsF, AdsT, CAF, and CAT

Adsorbents Moisture (%) Volatile Ash (%) Fixed
matter (%) carbon
(%)
AdsF 1.1 90.32 4.96 3.61
AdsT 2.50 88.28 5.09 413
CAF 1.50 23.67 10.69 64.14
CAT 2.91 20.53 21.34 55.22
Cassava 1 13 8 78

tubers [15]
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Table 2: Surface oxygen group quantification using the Boehm method

DE GRUYTER

Adsorbents AdsF AdsT CAF CAT Coffee waste [23]
Total acidity (meg-g™) 2.890 2.425 4.500 3.500 2.573
Total basicity (meq-g™") 1.635 1.585 2.075 2.400 2.015

3.1.3 Iodine and methylene blue indices

The iodine values obtained for AdsF, AdsT, CAF, and CAT
are 437.40, 400.17, 500.34, and 504.91mg/g, respectively.
These values show that the developed adsorbents are
microporous in nature according to ASTMD 2866-94 [16].
The methylene blue indices of AdsF, AdsT, CAF, and CAT
are of the order of 4.27, 3.09, 4.62, and 4.68 in mg/g, respec-
tively. These show that these materials also have a meso-
porous and macroporous nature [17].

3.1.4 Physicochemical characterization

3.1.4.1 SEM observation

SEM observation in Figure 2a and b of non-activated adsor-
bents reveals a heterogeneous porous surface with pore
diameters ranging from 0.8928 to 2.525 um for AdsF and
from 3.718 to 6.445 um for AdsT. Chemical activation fol-
lowed by calcination in Figure 2c and d results in activated
adsorbents with homogeneous pore structures and a rough
surface texture, with diameters of 2.720-8.595 um for CAF
and 2.035-5.398 pm for CAT. This activation improves the

surface texture of the raw adsorbents and develops active
cavities. Artichoke leaves activated carbon illustrations
display rather uneven surfaces with diameters ranging
from 10 to 200 ym [24].

Qualitative analysis by surface electron scattering (EDX)
(Table 3) shows a dominance of carbon and oxygen in the
adsorbents, justifying their organic character. The oxygen
content falls and the carbon content rises in activated adsor-
bents compared with those in non-activated ones. These
results show that CAF and CAT are essentially made up of
carbon graphite. The activation of the H3PO, solution, which
interacted with the acid functions of the adsorbent surface,
is responsible for the significant amount of phosphorus pre-
sent on the surface of CAF and CAT [25]. The outcomes for
the activated carbon made from Gundelia tournefortii seeds
show a carbon content of 37.35% and an oxygen content of
41.55%. These results differ from those reported by Mokh-
taryan et al. [26].

3.1.4.2 X-ray diffraction (XRD)
The diffractograms of AdsF and CAF display similar peaks.
Figure 3 shows a large intense peak between 20 and 25° in

11

PH=f(PH;) s
PH=f(PH;) e v
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CAF == v !
AdST == e
CAT o o

12

Figure 1: pHpzc of AdsF, AdsT, CAF, and CAT.
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Figure 2: Surface morphology of AdsF (a), AdsT (b), CAF (c), and CAT (d).

20, which is attributed to the (002) crystalline plane of
amorphous carbon [6]. There are two centered, less intense
peaks at 31 and 49° in 26, corresponding, respectively, to
the (040) and (102) planes of crystalline graphite. However
for AdsF, there are peaks at 42, 44, and 45° in 26 corre-
sponding to the (101) plane of crystalline graphite [25]. The
diffractograms of AdsT and CAT are almost similar in
terms of peaks; they show two broad peaks between 10
and 15° and between 20 and 25° in 26; the latter are attrib-
uted to the (101) and (002) crystal planes, respectively, of

amorphous carbon [6] and another peak at 34° in 26 cor-
responding to the (040) plane of crystalline graphite. These
outcomes resemble those of activated carbon made from
almond shells [25].

3.1.4.3 Fourier transform infrared (FTIR) spectroscopy

IR spectroscopic analysis of AdsF, AdsT, CAF, and CAT in
the 400-4,000 cm™ range enables the detection of adsor-
bent organic functional groups. In this way, analysis of the

Table 3: EDX microanalysis of the elements present in AdsF, AdsT, CAF, and CAT

Elements Mass (%)
AdsF AdsT CAF CAT

C 59.10 £ 0.18 49.96 + 0.16 80.03 + 0.52 86.72 + 0.18
0 37.14 + 0.41 47.18 + 0.39 15.86 + 0.71 11.85+0.24
Mg 0.28 + 0.03 0.45 + 0.04 00.00 + 0.00 00.00 £ 0.00
Ca 328 £+ 0.1 2.41 +0.08 00.00 + 0.00 00.00 + 0.00
P 0.21 + 0.03 00.00 + 0.00 2.78 £ 0.18 1.00 + 0.04
Si 00.00 + 0.00 00.00 + 0.00 134+ 0.13 0.44 + 0.03
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Figure 3: Diffractograms of AdsF, AdsT, CAF, and CAT.
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Figure 4: FTIR spectra of AdsF, CAF, AdsT, and CAT.
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Table 4: Elemental compositions of AdsF, AdsT, CAF, and CAT

Elements (mg/g) Ca Mg P Fe Al Na

AdsF 15.537 2304 1.025 0362 0.356 0.201
CAF 20.904 7.927 5464 0553 0.783 1.497
AdsT 21738 3348 0.521 0206 0.313 0.818
CAT 46.658 20.560 13.191 0.740 1.098 3.112
Elements (mg/g) Sr Zn K Mn Cu Ba

AdsF 0.180 0.119 0155 0.032 0.030 0.024
CAF 0.043 0.026 0309 0.000 0.040 0.027
AdsT 0.260 0.075 0.795 0.015 0.032 0.039
CAT 0.115 0.064 0.717 0.000 0.046 0.069

neat and activated adsorbent surfaces reveals the surface
groups destroyed during activation. The IR absorption
spectra of the prepared adsorbents in Figure 4 show a
difference in the majority of absorption bands. The posi-
tions of the AdsF and AdsT absorption bands are similar
but differ in intensity. They exhibit a broad absorption band
with a center of 3,300cm™, which is indicative of the
hydroxyl functional groups of the water of hydration’s
O-H bond elongation. Absorption bands at 2,920 and
2,845cm™ indicate aliphatic C-H stretching of lignin and
hemicellulose [27]. Another absorption band at 1,730 em™!
is indicative of the xylan esters and/or carboxylic acids’
C=0 valence vibration, which are found in lignin and hemi-
celluloses [4]. The band centered at 1,629 cm ™ is attributed

—_— 7
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to the presence of strongly conjugated C-O in a quinone/
carbonyl structure [27]. Another band at 1,425 cm™ confirms
the presence of the C-H bond. The existence of C-O and/or
C-0-C bond stretching vibrations in acid groups is shown
by the absorption band at 1,240 cm™ [6]. Carboxylic acids
show a broad band at 1,160 cm™ corresponding to the in-
plane deformation of aliphatic C-O bonds [25]. The band
characteristic of cellulose at 1,025cm™ is more clear [4].
The absorption spectra of CAF and CAT reveal that che-
mical/physical activation leads to the disappearance of the
main absorption bands of carboxylic acids and xylan esters
present in hemicelluloses and lignin, due to solubilization
during activation. For CAF and CAT, a band centered at
1,580 cm™ is characteristic of P-O-C and P=0O0OH bonds
[25]. A band at 1,180 cm™ representing in-plane deformation
of aliphatic C-O bonds is identified with the remaining car-
boxylic acids [25]. The stretching of the P-OH bond is
responsible for the absorption band observed at 1,065 cm™
in phosphonate groups [25]. Absorption bands at 900, 517,
and 487 cm™ correspond to the aromatic rings. In accord
with preliminary analyses indicating the acidic nature of the
surface, the results demonstrate the presence of acidic func-
tional groups on the adsorbent surface.

3.1.4.4 ICP-AES
Elemental analysis results for AdsF, CAF, AdsT, and CAT
reveal the presence of principal elements Ca, Mg, P, Fe, Al,

100w 214
>
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w
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5
2 40 4
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: : I
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Figure 5: Thermograms (ATG) of AdsF and CAF.
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and Na and traces of Sr, Zn, K, Mn, Cu, and Ba. Due to
activation by H3PO,, residual phosphate is present in CAF
and CAT, explaining their high phosphorus content (Table 4).

3.1.4.5 Thermogravimetric analysis

Thermograms of the neat and activated sheet adsorbents
AdsF and CAF are shown in Figure 5 that demonstrate mass
losses of 6.21 and 13.34%, respectively, at 90°C. These losses
are caused by water vapor trapped in the pores of the pro-
cessed adsorbents. AdsF and CAF show significant thermal
stability between 125 and 180°C and 125 and 350°C, respec-
tively, followed by a second, continuous, and significant
mass loss of 88.24% in the range of 180-520°C for AdsF
and 76.97% in the range of 350-850°C for CAF; the latter is
due to the degradation of acid-function fragments bound to
phosphates and polyphosphates.

Thermograms in Figure 6 of AdsT and CAT raw and
activated rod-based adsorbents show that at 90°C there are
mass losses of 8.15 and 7.15%, respectively; then, thermal
stability is observed between 120 and 180°C for AdsT and
between 120 and 350°C for CAT, followed by a second, signifi-
cant, and continuous mass loss of 81.24% in the 180-510°C
range for AdsT and 80% in the 350-680°C range for CAT. In
conclusion, activated adsorbents are more thermally stable
than non-activated ones. According to a study by Benadjemia
et al,, there is a first more marked mass loss at 400°C, a second
less severe and progressive mass loss in the 400-600°C zone,
and a third mass loss in the 650—-850°C region [24].

DE GRUYTER

3.1.4.6 Adsorbent production yield

The influence of H3PO, treatment on the adsorbent yield
was observed in the synthesis of adsorbents from neat and
activated cardoon leaves and stems. Washing with distilled
water gave yields of 56.56 and 51.42% for AdsF and AdsT,
respectively, whereas with chemical activation followed by
calcination, these yields increased to 60.00% for CAF and
83.71% for CAT. The influence of residual H;PO, in the
pores of CAF and CAT, which functions as a flame retardant
throughout the carbonization process and provides a high
yield, can be used to explain these yield disparities [28].
The volatile content released by activated adsorbents depends
not only on the carbonization temperature but also on the
activation conditions [24]. We also note that these yields
vary between leaves and stems; indeed, we know from scan-
ning electron microscopy that stems and leaves have different
surface structures which influence their adsorbents’ yields.
Activated carbons with phosphoric acid made from artichoke
waste gave comparable results [24].

3.2 Factors influencing BG adsorption
3.2.1 pH effect

Solutions of HCl and NaOH (0.1 M) were used to modify the pH
values of the dye solutions between 3 and 10. Approximately
100 mg of adsorbent was dispersed in 25 ml of BG solution (80
ppm) for 30min at 25°C, with gentle agitation. UV

100
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80
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/;\ ‘

S 60+ '

2 1

E 81.24 % ‘ 80 %

3 40- '

= L

\
\
\
20 -
~-----~------
0 T T T T T
200 400 600 800 1000
Temperature (°C)

Figure 6: Thermograms (ATG) of AdsT and CAT.
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Figure 7: Effect of pH on adsorption of BG on CAF, AdsF, CAT, and AdsT (Cp = 80 ppm, t = 30 min, m = 100 mg, V = 25ml, and T = 25°C).

spectrophotometry was used to determine the dye concentra-
tion of the filtrate after filtration. Figure 7 shows that the
adsorption rate of BG on AdsF was 91.25% at pH = 3, increasing
to 98% at pH = 4, and remaining constant thereafter, while CAF
reached a maximum and constant adsorption rate of 99% from
PH = 3. For AdsT, the adsorption rate was 78.95% at pH = 3. It
then increased with pH to reach 94.94%. For CAT, the adsorp-
tion percentage of BG was constant at 99% throughout the pH
range studied. These results confirm that H" ions in an acidic
environment reduce the contact between BG ions (cationic
dye) and adsorbent sites. Conversely, at higher pH values,
the H" concentration decreased, resulting in good interaction
between dye ions and adsorbent surface sites. These results are

almost identical to those obtained with cedar and mahogany
sawdust-based adsorbents [19].

3.2.2 Contact time effect

Under stirring, 100 mg of sample was mixed with 25 ml of
BG solution (80 ppm) for between 5 and 180 min. After
filtration, the adsorption rate of BG increased within the
first 15min to 98.21% and remained stable for the next
165 min for AdsF, while for CAF the adsorption rate reached
97.5% within the first 5min and remained almost constant.
However, AdsT and CAT adsorption rates reached 95.47%
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55 -+
92 8988R8%338
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95J
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Figure 8: Contact time effect of BG adsorption on CAF, AdsF, CAT, and AdsT (C, = 80 ppm, m =100 mg, V = 25ml, and T = 25°C).
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Figure 9: Initial concentration effect of BG adsorption on CAF, AdsF, CAT, and AdsT (t = 30 min, m =100 mg, V = 25ml, and T = 25°C).

during 20 min of contact and 99.30% during 5 min of contact,
respectively (Figure 8).

3.2.3 Initial concentration effect

For 30 min, 100 mg of adsorbent was dispersed in 25 ml of BG
solution, with initial BG concentrations varying from 40 to
1,000 ppm. The adsorption rate of the dye on the four adsor-
bents decreased with increasing concentration, as shown in
Figure 9, due to saturation of active sites, thus with different
kinetics. The AdsF adsorbent reached the first equilibrium at
an initial concentration between 40 and 160 ppm with an
average adsorption rate of 98.70%, the second equilibrium
reached 92.72% in the 200-500 ppm range, and then the
adsorption rate dropped to 74% with an initial concentration
of 1,000 ppm. While CAF reached equilibrium at an initial

concentration between 40 and 500 ppm with an average
adsorption rate of 99.30%, it dropped to 97.26% for C;, = 1,000
ppm. The AdsT curve shows an average adsorption rate of
98.30% at an initial concentration between 40 and 80 ppm,
which then drops from 97.53 to 87% in the 120-1,000 ppm
range. CAT reaches equilibrium at an initial concentration of
between 40 and 500 ppm with an average adsorption rate of
99.32%, then increases to 97.9% at a concentration of 1,000
ppm. These results show that BG adsorption varies according
to the colorant’s initial concentration.

3.2.4 Adsorbent mass effect
A sample mass of 20-120 mg was distributed in 25 mL of BG

solution with an 80 ppm concentration. The findings in
Figure 10 demonstrate that the mass of the adsorbent

100
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Figure 10:

Adsorbent mass effect of BG adsorption on CAF, AdsF, CAT, and AdsT (t = 30 min, C, = 80 ppm, V' =25ml, and T = 25°C).
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Figure 11: Effect of medium salinity on the adsorption rate of BG on CAF, AdsF, CAT, and AdsT (m =100 mg, t = 30 min, C, = 80 ppm, V =25 ml, and

T =25°C).

and the adsorption rate are proportionate. The BG adsorp-
tion rate increases from 80% to 98% when the mass of CAF
and AdsF used increases from 20 to 60 mg, but beyond this
range the adsorption rate remains constant. The adsorption
rate for CAT reaches its maximum value of 99% at 20 mg and
for AdsT it reaches 95% at 100 mg, then stabilizes. This
increase in the adsorption rate of BG can be explained by
the increase in the specific surface area involved.

3.2.5 Ionic strength effect

For 30 min, 100 mg of sample was stirred in 25 ml of 80 ppm
BG solution at NaCl concentrations ranging from 0.1 to

0.6M in 0.1M steps. The obtained results indicate that
the adsorption rate of BG remains constant with increasing
NaCl concentration. As there is no competition for surface
adsorption of CI” anions and BG cations in Figure 11, it can
be concluded that ionic strength has no influence on the
adsorption capacity. These results are consistent with the
findings of previous research [6].

3.2.6 Temperature effect
Stirring for 30 min was used to disperse 100 mg of sample

in 25ml of a BG solution at a concentration of 80 ppm at
temperatures ranging from 25 to 70°C. The results show
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Figure 12: Effect of temperature on adsorption of BG on CAF, AdsF, CAT, and AdsT (m = 100 mg, t = 30 min, C, = 80 ppm, and V = 25 ml).
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Table 5: Parameters of PFO and PSO BG adsorption kinetics on CAF, AdsF, CAT, and AdsT

Adsorbents PFO PSO qe exp (mg/g)
Ky (min™) R? q. (mg/g) K, (g'min"-mg™") R? q. cal (mg/g)

CAF 0.0157 0.3247 0.50 0.0736 0.9999 19.96 19.92

AdsF 0.0196 0.5878 0.28 0.2466 1.0000 19.84 19.84

CAT 0.0096 0.4331 0.03 1.7928 1.0000 19.96 19.95

AdsT 0.0177 0.5600 0.98 0.0538 0.9999 19.53 19.49

that temperature has no significant effect on the adsorp-
tion rate (Figure 12).

3.3 Adsorption kinetics modeling

The obtained results for the kinetic modeling of the BG
adsorption are shown in Table 5, where they show that
the values of the R* correlation coefficient for the first-
order model are far from 1, while they are quite close to
unity for the second-order model. The quantities of dye
adsorbed at equilibrium per gram of CAF, AdsF, CAT, and
AdsT were calculated using the second-order model (q.
cal); however, they are extremely similar to the experi-
mental values (g, exp). This suggests that the second-order
model describes the BG’s adsorption kinetics. These out-
comes resemble those of El Hajam et al., who demonstrated
that the PSO model describes the BG adsorption process on
cedar and mahogany sawdust [19].

3.4 Adsorption isotherm modeling

The results from the Langmuir and Freundlich models are
used to calculate the maximum adsorption capacity and
the adsorption parameters (Table 6). The regression coeffi-
cients show that the Langmuir isotherm best characterizes

Table 6: BG adsorption parameters for CAF, AdsF, CAT, and AdsT using
the Langmuir and Freundlich models

Models Adsorbents  CAF AdsF CAT AdsT

Langmuir R 0.9681 0.9503  0.9663  0.9638
Gmax 250.00 17241 27027  161.29
K. 0.3125 0.0544 0.3394 0.0752

Freundlich R? 0.7824 0.9041 0.8355 0.8513
K; 53.40 22.04 58.53 16.04
ns 2.09 2.62 1.89 1.84

the BG adsorption mechanism on the four adsorbents, with
linear regression coefficients R* on the order of 1. The
results for cedar and mahogany sawdusts are comparable
[19].

3.5 Comparative study of different
quantities of dyes adsorbed from BG
dyes with different eco-friendly and non-
eco-friendly adsorbents

In the present study, the amount of dye adsorbed by each
adsorbent and the most effective adsorbent for dye removal
were determined by examining the adsorption of the BG dye
on different types of prepared, neat, or activated adsorbents
under constant operating conditions (C, = 80 ppm, m =
100mg, V = 25ml, T = 25°C, and ¢ = 120-180 min). As pre-
sented in Table 7, CAT showed the highest amount of
adsorbed dye for BG dye removal, followed by CAF, AdsF,
and AdsT. Different quantities of the adsorbed dye g, obtained
for BG dye uptake by different adsorbents are greater than
those obtained by different adsorbents presented in Table 7
from previous studies. These results allow us to conclude that
the adsorbents used in this study, whether raw or activated,
perform better than the other eco-friendly or non-eco-friendly
adsorbents presented in Table 7. For this reason, cardoon
waste remains a perfect precursor for the preparation of eco-
logical adsorbents which are more effective for the treatment
of water contaminated by synthetic organic dyes. Cardoon is
also used in other fields, for example, in the extraction of
phenolic compounds [2].

4 Conclusions

The properties of AdsF, AdsT, CAF, and CAT have been
determined. Adsorption was examined in relation to the fol-
lowing variables: pH value (3-10), contact time (5-180 min),
initial dye concentration (40-1,000 ppm), and adsorbent mass
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Table 7: Comparison of different quantities of dye adsorbed reported by other researchers for BG dye removal with different eco-friendly and non-eco-friendly adsorbents

Adsorbent

Non-eco-friendly adsorbents CugsMngsFe,04 nanospinels

[30]

(31

30 C.
25ml, m =10 mg, Cp = 5 ppm

149, Co=20 ppm, t=2h, T

20°C, t =140 min, V

m

T

6.2500

ZSM-5/CuF/CE  9.668

Pristine MOF-5

Cellulose derivatives -

CuFe,0,4-zeolite

6.547

ZSM-5/

CuF/CEA

Present study

25°C, t = 180 min
25°C, t = 140 min
25°C, t =180 min
25°C, t =120 min

25ml, 7=

Co = 80 ppm, m =100 mg, V

19.9200
19.8400
19.9500
19.4900
15.8900
9.6400
8.5500
2.1523
2.0189

CAF
AdsF
CAT

Eco-friendly adsorbents

25ml, T=

Co = 80 ppm, m =100 mg, V

25ml, 7=

Co = 80 ppm, m =100 mg, V
Co = 80 ppm, m =100 mg, V

25ml, T=

0.15g, Co = 50 ppm, t=3.5h, T

AdsT

[32]

298 K

6,m=
24 h

pH =
pH =7

t

Salix alba leaves

[33]

Rambutan peels

Tannin gel
Cedar

(34]

[19,35]

250 rpm, T=25°C,pH=6,m=2gq,

Co = 50 ppm, agitation speed

250 min, 100 pm < @ < 500 pm

t=

Mahogany

Co: initial concentration of BG, t: contact time, T: temperature, pH: pH of the solution, m: mass, V: volume, and @: particle mesh size.
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(20-120 mg) of CAF, AdsF, CAT, or AdsT. The influence of the
temperature of the reaction medium (20-70°C) and salinity
on the adsorption process was studied. The maximum
adsorption rate of BG was achieved between pH = 3 and
pH = 10 for CAF and CAT. However, AdsF and AdsT reached
their maximum adsorption rate between pH = 4 and pH =
10. The adsorption rate increased with the increase in the
adsorbent mass; CAT reached its maximum value of 99% at
20mg and AdsT 95% at 100mg, for CAF and AdsF, the
adsorption rate of BG increased from 80 to 98% when their
masses increased from 20 to 60 mg. The adsorption rate of
BG increased within the first 15 min to 98.21% and remained
stable for the next 165min for AdsF, while for CAF the
adsorption rate reached 97.5% within the first 5min and
remained almost constant. However, AdsT and CAT adsorp-
tion rates reached 95.47% during 20 min of contact and
99.30% during 5min of contact, respectively. The optimum
initial concentration of BG was 80 ppm. The ionic strength
and temperature had no major influence on dye adsorption.
For all four adsorbents, the Langmuir model was well
suited, based on the results of adsorption modeling using
Freundlich and Langmuir isotherms. The PSO model best
describes the adsorption kinetics of BG on CAF, AdsF, CAT,
or AdsT, according to the evaluation of the adsorption
kinetics using the PFO and PSO models. These results allow
us to conclude that cardoon leaves or stems are excellent
adsorbents for the adsorption of synthetic dyes.
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