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Abstract

The aim of the present study was to produce a date palm fibers-based activated carbon (DPFAC) using phosphoric acid as an
activating agent. DPFAC has been studied as a promising adsorbent for the removal of copper ions from synthetic solutions.
DPFAC characterization performed by Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy
(SEM) and Brunauer—-Emmett-Teller (BET) indicated that DPFAC morphology and texture were well-developed with various
surface bonds and high specific surface area and average pore diameter (834.79 m%g, 17.48 A, repectively). The results of the
kinetic adsorption test showed that DPFAC achieved high Cu?* removal efficiency (94.47%) at equilibrium time (60 min).
The kinetic data fitted perfectly with the pseudo-second-order model. Three intra-particle diffusion steps are implicated in the
adsorption of Cu*. Solution pH has a considerable influence on Cu** removal efficiency. The isotherm models (Langmuir,
Freundlich, Redlich-Peterson and Sips) showed an adequate fit to the experimental points, proving that the transfer of Cu**
onto the DPFAC surface was favorable. Langmuir model provided the best fit, with a maximum adsorption capacity of 48.59
mg/g. The thermodynamic study performed between 20°C and 50°C confirmed that the adsorption process is spontaneous
and endothermic, and may involve physisorption enhanced by chemisorption. Based on tested reaction parameters, it is clear
that the use of date palm fibers for the preparation of DPFAC was highly effective in removing copper ions from wastewater.
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1 Introduction

Water contamination caused by heavy metals in the waste-
water from industrial, urban, and agricultural sources is
a major environmental problem, and a serious challenge
throughout the world [1-3]. Since heavy metals are present
in surface water and groundwater, they cause several serious
health issues that affect animals, plants, and humans [4].

Heavy metals can bind covalently to organic groups to
form lipophilic compounds or ions. In the human body,
they cross the cell membrane and can penetrate the cell.
These metallic compounds cause toxic effects when they
interact with cell organelles [4]. When consumed in excess
levels, these heavy metals accumulate in the intracellular or
extracellular space of the organs of the body and become
lethal [5]. These include copper ions, which are recognized
as being vital to a variety of organisms. Therefore, copper
(Cu) is widely considered being toxic when this metal ion
exceeds in drinking water the level of 2 mg/L [6, 7]. A wide
range of health symptoms, such as renal lesions, high fevers,
hemolysis, and stomach problems could be linked to water
contamination with copper ions [8]. To face this problem,
treatment of polluted water was regarded as necessary in
order to limit the risk of pollution by heavy metals. A num-
ber of techniques focusing on physicochemical approaches
have been implemented. Including coagulation-flocculation,
precipitation, advanced oxidation technology, membrane
treatment methods [2, 9] and biological methods [4].

In recent years, adsorption has emerged as a promis-
ing alternative to conventional methods for the treatment
of wastewater containing high levels of heavy metals. This
separation process has been considered efficient due to the
low energy requirement and cost of operation [10, 11].The
most appropriate adsorbents for removing inorganic con-
taminants from wastewater are selected based on techni-
cal, economic and performance considerations [12, 13].
Consequently, activated carbons derived from agricultural
residues generated a considerable amount of investment in
the treatment of contaminated water. These materials are
considered as environmentally sustainable and cost-effective
[14-16]. Chemical activation using phosphoric acid (H;PO,)
to enhance the physicochemical properties of biomass is
widely reported [16—18]. Moreover, H;PO, is eco-friendly as
it is non-polluting, easy to recover and can be recycled back
into the process [16, 19-21]. Lignocellulosic material acid
phosphoric-impregnated then carbonized disply high surface
area and regular pores [22, 23]. Phosphoric acid activation
leads to bond weakening and the formation of cross-linked
structure [24]. Phosphoric acid activated adsorbents can be
recycled and have low toxicity [18]. Use of tell activated
carbons has proven high ability to adsorb heavy metal ions
from water [17, 20, 21, 25, 26].
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Date palm is a native tree of the North African countries
[23,27]. In Algeria, the date palm is the driving force behind
sustainable development and the preservation of life in the
desert given its benefits. The benefits include fruit and its
uses, the palms for baskets and carpets, the fibers for ropes,
trunks and palms for roofs and house foundations, and all
these residues can be used as fuel [28].

Date palm fibers constitute a portion of the large quanti-
ties of waste generated by date palms pruned each year to
cut branches and fibers [29, 30]. Date palm fibers (DPF)
have been considered basic biomass for the preparation of
efficient adsorbents for heavy metal removal [31]. The use
of DPF washed and then dried at 105 °C by Al-Ghamdi
et al.[32] resulted in a maximum Langmuir capacity of
around 54.57 mg/g for cadmium. Amin et al. [33] reported
25.25 mg/g for copper removal. Hikmat et al. [34] used DPF
washed then dried at 110 °C and resulting in a lead adsorp-
tion capacity of around 22.95 mg/g. Basheer et al. [35] pre-
pared a DPF activated carbon using KOH. This activated
carbon provided a very significant adsorption capacity (1013
mg/g) when tested in the removal of AI**. Melliti et al. [36]
reported that DPF activated with ZnCl, resulted in a maxi-
mum adsorption capacity of 25.05 mg/g and 29.86 mg/g for
Cu?* and Pb?*, respectively.

To the best of our knowledge, from previously published
research, the use of date palm fibers from the palm trunk
as activated carbon obtained by using phosphoric acid to
remove heavy metals in solutions has not been investigated.
Consequently, the present study aimed to synthesize acti-
vated carbon from date palm fibers using H;PO, as an agent
of activation to produce an adsorbent with highly developed
textural and morphological properties. The synthesized acti-
vated carbon was tested as an adsorbent for copper ions from
aqueous solutions. The effects of various reaction param-
eters, including contact time, initial solution pH, initial cop-
per ions concentration, and temperature, were investigated
and results were discussed. The results and discussion pro-
vide insights into the effectiveness of DPFAC in adsorbing
copper ions from contaminated water.

2 Material and Methods
2.1 Reagents and Chemicals Used

A solution of Cu?* (1000 mg /L) was freshly obtained by
dissolution of an analytical grade (CuSO,, 5H,0) with 99%
purity in distilled water. Dilutions of this solution were
performed for the required concentration. The pH of the
solutions was adjusted to the required value using 0.1 M
solutions of sodium hydroxide or hydrochloric acid. Chemi-
cal activation was carried out using phosphoric acid H;PO,
(50%).
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2.2 Preparation of the Adsorbent

Date palm fibers (DPF) were collected from the palm trunk
in October during the cleaning process of the date palm
trees of Deglet Nour located in Sidi Okba, commune of
Biskra (Southeastern Algeria). The adsorbent was pro-
duced using the process shown in Fig. 1. Formoste, the
DPF were carefully cleaned of any impurities that might
have attached to them, and then sun-dried. Following this
operation, the material was cut into small pieces. Then 60
g of DPF was impregnated in 100 mL of phosphoric acid
solution (H;PO,, 50%) for 24 h [22]. The mixture was
transferred to a rotary evaporator and stirred at 60 rpm
under a temperature of 110 °C for 2 h. Then, the mixture
was filtered and the resulting material was placed in the
oven to dry for 20 min at 110°C. This operation was fol-
lowed by pyrolysis at 400°C for 2 h under oxygen-limited
conditions in a muffle furnace. The sample was neutral-
ised using soxhlet extraction and distilled water. Next,
the material was placed in beakers containing distilled
water and exposed in an ultrasound processor (Bioblock
scientific ultrasonics 88,155) for approximately 30 min

1. Sun-dried

3. Impregnation [H

@ 24h ( ; - .
B
\ 3

4. Activation

ﬂ% 105°C-110°C
60rpm
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a1 |
ﬂ; 110°C @ 24h

at a working frequency of 35 kHz. Following this opera-
tion, the product was dried for 24 h at 110°C then milled
with mortal until obtaining a material with a particle size
between 0.1 and 0.25 mm. The resulting date palm fibers
activated carbon was designated DPFAC.

2.3 Characterization of the Prepared Adsorbent

The FTIR (Fourier Transform Infra-Red) spectrum of
DPFAC was obtained using a Perkin Elmer Spectrum Two
instrument. SEM (Scanning Electron Microscope) image
and EDX (Energy Dispersive X-ray Spectroscopy) analysis
were performed using a Tescan VGA3 instrument. Structural
parameters were derived from N, adsorption-desorption iso-
therms using ASAP 2010 V5.00E. The pHp, (pH point of
zero charge) of the adsorbent surface was identified using
a series of solutions (0.01 M NaCl) with diverse pH levels
(2.0 to 12.0). 50 mL of each solution was stirred for 12 hours
after addition of 0.2 g of adsorbent. The final pH is measured
and plotted against initial pH. The pHp,, where initial and
final pH coincide, is determined from the plot [15].

8. Washing until
neutralisation

M--3) 35 ktiz @, 30 min

10. Filtration
e ‘@ 9. Ultrasonication
12. Milling
11. Drying \./ \\g,/

DPFAC
7. Calcination
DPF: M[ 400 (), 2h
'//‘ 6. Drying i

. DPF: ﬂi @110°C
J 20min

Fig. 1 Steps followed in the preparation of date palm fibers activated carbon (DPFAC)
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2.4 Presentation of Adsorption Tests

Adsorption kinetic study was conducted under continuous
magnetic stirring for durations ranging from 2 to 360 min.
The treated solutions were prepared in 50 mL flasks, initially
containing 10 mg/L Cu** and mixed with 4 g/L of DPFAC
at an initial pH of 5.5 (pH of synthetic solution). Once the
equilibrium time had been determined during the kinetic tests,
the effect of initial Cu** content was studied in the range of 1
to 100 mg/L at 20 °C, and under an initial pH of around 5.5
with the addition of 4 g/ DPFAC. The data obtained is used
to study the adsorption isotherms. To evaluate the impact of
initial pH, the pH of the solutions (10 mg/L of Cu®*") was
adjusted between 2 and 12 using 0.1 M solutions of HCI and
NaOH. Using solutions containing Cu®** (10 mg/L) with the
addition of DPFAC (4 g/L), the thermodynamic study was
carried out simultaneously at temperatures in the range of
20 °C to 50 °C. Following each test, samples were filtered
under vacuum. The residual content of Cu®* ions in the solu-
tion was then measured through a PERKIN ELMER A700
atomic absorption spectrometer. To measure the pH of the
solutions, a pH meter, model pH 7310P, was used.

3 Results and Discussion

3.1 Characterization Results of the Prepared
Adsorbent

The analysis of FTIR spectrum of DPFAC sample (Fig. 2a)
shows that the prepared adsorbent exhibits a variety of surface
functional groups. -OH stretching vibration (3670—3550 cm™),
C-H stretches of aliphatic groups (2900- 2850 cm™), C=0 func-
tional group in ketones, carboxylic acids and esters (17501600
cm™Y). Stretching of the aromatic ring C=C of benzene-like rings
(1600-1550 cm_l), C—O stretching in phenols, ethers, esters,
acids, and alcohols (12001000 cm™). A similar report was also
shown in [15, 37, 38]. The bands at 1200-1000 cm™" are attrib-
uted to the characteristics of phosphor-carbonaceous compounds
in DPFAC. According to Puziy et al., [39] and Alharbi et al. [23],
the peaks in this region may be assigned to the stretching mode of
P=0, P-O-C and P=0OOH. These functional groups can con-
tribute to the formation of bonds with copper ions.

Figure 2b shows the N, adsorption—desorption isotherms
of DPFAC. Hysteresis appears at the pressure rate (P/P)
between 0.4 and 0.8. According to Martins et al. [40] this
hysteresis is related to the presence of mesopores in the mate-
rial, which are associated with narrow slit-like pores and a
small external surface area. Brunauer—-Emmett-Teller (BET)
analysis (Fig. 2b) indicated a well-developed pore structure
with an average pore diameter of approximately 17.48 Aand
a specific surface area of 834.79 m?/g.
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SEM image (Fig. 2c) confirmed the presence of a porous
structure with well-developed pores and regular size and
shape. The same finding was obtained by Alharbi et al. [23]
after the H;PO chemical treatment of leaf sheath date palm
fibers. As suggested by Girgis and El-Hendawy [22], the pores
in the activated carbon likely originate from the release of
space previously occupied by phosphoric acid during car-
bonization. Additionally, ultrasonication is a process that
enhances mass transfer [33]. Sound waves, consistent with the
observations of Egbosiuba et al. [41], Suganya and Senthil-
Kumar [42], and Hassan et al. [43], generate fluctuations in
pressure within aqueous medium and can enhance chemical
reactions, leading to the decomposition of water molecules
into hydrogen and hydroxyl radicals. These radicals, in turn,
generate a significant number of micro-bubbles that collapse
in microseconds in the liquid-activated carbon, contributing to
the overall porosity of the material. EDX analysis of DPFAC
(Fig. 2¢) indicated that it is rich in carbon (C) and oxygen
(O) and their atomic percentages are: 82.80% and 16.28%,
respectively. Gupta et al. [44] highlighted that biochars with
high oxygen content have higher cation exchangeability.

3.2 Copper Removal Tests
3.2.1 Adsorption Kinetics Modeling
Results presented in Fig. 3 led to the following observations:

e The adsorption capacity of DPFAC towards Cu* ions
increased with agitation time until a value of 2.437 mg/g
was reached, corresponding to 97.47% efficiency.

e The equilibrium time for the process was 60 min.

e Beyond the equilibrium time, adsorption capacity
decreases slightly.

The kinetic models described below (Eq. (1) [45], Eq. (2)
[46], and Eq. (3) [47]) were adjusted to the experimental
data to investigate the adsorption mechanisms of copper ions
on DPFAC:

Pseudo — first — order(PFO) : q, = q,(1 — e™") 1)
Pseud d — order(PSO) : 9.kt 2

seudo — second — order( ) : qt_qukzt 2)
Intra — particlediffusion : q, = Kimt%+Ci €))

In these equations, qe (mg/g) and qt (mg/g) repre-
sent the amounts of metal adsorbed at equilibrium and at
time t (min), respectively. k; (min’") and k, (g/(mg.min))
denote the pseudo-first-order and pseudo-second-order rate
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Fig.2 (a) Analysis of functional groups based on the FTIR spectrum, (b)Results of N, adsorption—desorption isotherms, (¢)SEM image and

EDX analysis of DPFAC sample

constants, respectively. K, (mg/g.min'’?) and C; (mg/g)
represent the intra-particle diffusion model’s constant and
intercept, respectively.

As illustrated in Fig. 3a, the PSO curve exhibits a better
fit to the experimental data compared to the PFO curve. This
observation is further supported by the higher coefficient of
determination (R?) value and lower chi-square (Xz) value

Cu™ g c(PFO)(2.408mg/g) < gy o(PSO)(2.435mg/g) ~

associated with the PSO model (0.992; 5.835 x 10‘5) compared
to the PFO model (0.822; 0.0014) (Table 1). Additionally, the
adsorption capacity calculated using the PSO model (g, .,)
closely matches the experimentally determined adsorption
capacity at equilibrium (q,,). Based on the findings pre-
sented in Table 1, the following key observation can be drawn:

Qo exp(2:43Tmg/g)
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Fig.3 (a) PFO, PSO and (b) Intraparticle diffusion models application to experimental points of copper ions adsorption kinetics on DPFAC

Table 1 Parameters of the PFO,PSO, and the intraparticle diffusion kinetics models for copper ions adsorption kinetic on DPFAC

Pseudo-First-order g, = g, (1 — e™") =2kt
Pseudo-second-order: "' 144kt

qc,cxp (mg/g) qcl,cal (mg/g) kl (min_l) R2 X2 qc 2,cal (mg/g) k2 (g/(mgmln)) R2 X2
2.437 2.408 1.074 0.822 0.0014 2.435 1.456 0.992 5.835% 107
Intra-particle diffusion:q, = K,-mt% +Ci
K | (mg/gmin'?) - C) (mglg)  R? Koo C, (mglg) R’ K i 3 (mg/gmin'?) ~ C; (mg/g)  R?

(mg/g.

min'?2)
0.123 1.986 0.883 0.0112 2.353 0.92 -8.913 2.442 0.967

The applicability of the PSO compared with the PFO sug-
gests that the retention of copper ions onto the adsorbent is
mainly chemical [48, 49].

To investigate the implication of intra-particle diffusion
in the adsorption of copper ions onto the DPFAC surface,
the intra-particle diffusion model was applied, plotting qt
versus t'/? (Fig. 3a). As depicted in Fig. 3b, the model
satisfactorily fitted the experimental data. According to
Abdulkareem et al. [50], this finding indicates that pore
filling contributed positively to the adsorption mechanism
of metal ions. The intraparticle diffusion plots exhibit
three distinct linear segments. As the first segment does
not pass through the origin, this suggests that additional
sorption mechanisms beyond intra-particle diffusion might
be contributing to the adsorption process [51]. In addition,
the intra-particle diffusion rate constants (Table 1) follow
the order:

K. (0.123) > K;y 5(0.0112) > K, 2(—8.913)(mg / g.min'/?)

@ Springer

The high slope of the first line (K;,, ;) compared to the
second (K, ,) and third (K;, ;) lines suggests that cop-
per ions are rapidly transferred from the solution to the
DPFAC surface at the early stages of the adsorption pro-
cess. This rapid transfer is followed by a slower rate of
adsorption as equilibrium is approached.

3.2.2 pH Effect

The results (Fig. 4a) demonstrate a significant increase in
copper adsorption efficiency from 87.72% at pH 2 to 99.32%
at pH 12. Under acidic conditions, the abundance of H' ions
competes with Cu”" ions for adsorption sites on the DPFAC
surface. When the pH exceeds pH point of zero charge of
DPFAC (pHp,-=4.47) (Fig. 4a, 4b), the adsorbent surface
becomes negatively charged due to deprotonation of surface
OH groups. This negative charge intensifies with increasing
pH, promoting electrostatic attraction between the negatively
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Fig.4 (a) Efficiency of copper removal as a function of the initial
pH of the solution (Cung:lO mg/L, Dose de DPFAC=4g/L, Contact
time =60 min). (b) DPFAC pH point of zero charge curve. (¢).Domi-

charged adsorbent surface and the metal ions in solution,
thereby enhancing adsorption efficiency [14, 52].

As evident from Fig. 4c, the Cu** species dominates the
solution at pH values below 7, with minor contributions
from CuOH™, Cu,(OH),**, and Cu,(OH),**. Increasing
the pH above 7 leads to the formation of anionic cop-
per hydroxide species (Cu(OH);™ and Cu(OH)42‘). The
same approach was reported by Youcef et al. [52] and
Soudani et al. [15]. Negatively charged species of copper

©
O/

Cug=1-100 mg/L, Dose of DPFAC=4g/L
Equilibrium time=1h

o—

Removal efficiency (%)
el O O O
S & 3 03
(=] wn o wn
1 1 1 1

95.51

95.0 4

0

Initial concentration of Cu** (mg/L)

10 20 30 40 50 60 70 80 90 100 110

qe (ng/g)

nant copper species in an aqueous solution with Cu(2)+= 10 mg/L at dif-
ferent pH values and at 20°C using Visual MINTEQ software

have a low probability of adsorption on the DPFAC sur-
face, which is negatively charged in this pH range. At this
stage, the increase in copper ion removal efficiency is
largely due to another mechanism other than adsorption,
namely chemical precipitation in the solution in the form
of Cu(OH),. In order to recover as many copper ions as
possible on the surface of the DPFAC and avoid precipita-
tion in the solution, it would be advisable to treat solutions
with an initial pH of around 5.5.

25 4 @  Experimental point
= - -+ Freundlich
—— Langmuir
20 sesee Sips
Redich-Peterson
15
10 (b)
5
Cu2"=1-100 mg/L, Dose of DPFAC=4g/L
01 Equilibrium time = 1h
I I T 1 1 T
0 1 2 3 4 5 6
Ce (mglL)

Fig.5 Presentation of (a) Variation in removal efficiency as a function of variation in initial copper ions content (b) Adsorption isotherms of

copper ions on DPFAC
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3.2.3 Analysis of the Effect of Initial Concentration
of Copper lons and the Adsorption Isotherms

Results shown in Fig. 5a indicate that the removal effi-
ciency of copper ions by adsorption on DPFAC decreases
gradually from 97.20% to 95.05% with the increase in the
initial concentration of Cu** from 1 mg/L to 100 mg/L,
respectively. At low concentrations, copper ions had a
large number of adsorption sites available. However, at
higher concentrations, the adsorbent becomes saturated,
reducing the number of sites available for further sorption.
The same approach was advanced by Soudani et al. [15]
and Vunain et al. [26].

The adsorption isotherm for copper on DPFAC was
studied to define the adsorption process. An approach
was developed to simulate the results obtained at the
adsorption equilibrium by applying the following nonlin-
ear isotherm models of Langmuir [53], Freundlich [54],
Redlich—Peterson [55] and of Sips [56].The Eqgs. (4) to (7)
relating to these models are as follows:

L . _QmaxKLCe
angmuir . q,= T+ K,C, 4)
Freundlich : qe:KFCgl/’Z 5)
; KRPCe
Redlish — Peterson : q,=———— 6)
1+aRPC£
1/nS
. q,K,C,
Sips + 4=~ s ™
1+ KsC,

The parameters in these equations are defined as below:

is the adsorption capacity of
the adsorbent at equilibrium.
Ce (mg/L) is the concentra-
tion of the adsorbate in solu-
tion at equilibrium.

q. (mg/g)

O e (MgE/2) is the maximum Langmuir
adsorption capacity. K; (L/
mg) is the Langmuir equilib-
rium adsorption constant.

Kg ((mg/g)/(mg/L)l/“) is the Freundlich constant.

n (dimensionless) is the Fre-
undlich factor.
Kgp (L/g) and agp (mg/L) ™ are the constants of the
Redlich-Peterson isotherm. S
is the dimensionless Redlich-
Peterson exponent, which
must be between 0 and 1.
Kg (L /mg) is the Sips equilibrium con-
stant. ng (dimensionless)
represents the heterogeneity
of the adsorbent surface.

Equilibrium data for Cu®* are presented using these four
models in Fig. 5b. The parameters obtained by fitting each
model are provided in Table 2.

Langmuir model, applied with a higher coefficient
of determination (R?>>0.99) and a lower error value
(x*=0.179), showed the best consistency with the exper-
imental data compared with the Freundlich, Sips and
Redlich-Peterson models, respectively. This is an indication
that the copper ions (Cu>*) were adsorbed onto the homo-
geneous surface of the adsorbent forming a monolayer. The
maximum Langmuir adsorption capacity Q,,,.is equal to
48.59 mg/g. By making a comparison with adsorbent pre-
pared on the basis of date palm wasts [25, 33, 36, 57-60]
(Table 3), it results that DPFAC is an adsorbent which has
a sufficiently developed specific surface. In addition, it pre-
sented a satisfactory Langmuir adsorption capacity for the
retention of copper in solution, compared to the adsorbents
cited in Table 3.

By calculating the dimensionless parameter R; , it can be
checked whether the adsorption is favourable or not. This

Table 2 Parameters predicted

Freundlich: g, = KFCFI/ !

: . Langmuir: q, = 220K

by nonlinear isotherm models g "= 14K, Ce

for copper ions adsorption on

DPFAC K, Qunax R?
(L/mg)  (mglg)
0.193 48.587 0.998

kg, C.

Redlich-Peterson: q,= L+ag,Cl
Kgp aRp
Lig  (mgL)™
13.316  0.677 0.593

X 2 K, n R2 X 2
(mg/g)/(mg/L)"

0.179 7.739 1.399 0.998 0.207

4,K.Ccn,

Sips: g, = 1+K.C.V/n,

R? X g ds Ky Ng R’ X :
(mg/g) (L /mg)

0998 0.153 48.721 0.195 1.024 0998 0.213
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;rgr?:eaflsie:iuolrtls(?nf ;gf(l))rel:)rents Adsorbent Seir Qo Reference
prepared uzing date palms (m7g) (me/e)
residues Date palm fibers activated with HyPO, (50%) 834.79 48.59 This study
Raw Date pits (Dried at 80 °C for 2 h) n.a 7.40 [57]
Activated date pit using H;PO, (85%) n.a 33.44
Date stones activated carbon using H;PO, (60%) 826 31.25 [25]
Date palm trunk fiber, washed and dried at 105°C n.a 25.25 [33]
Biochar of date palm wast biomass—Pyrolysis tempera-  n.a 52.08 [58]
ture of 800 °C
Date pits activated carbon with NaOH 377.6 194.4 [59]
Date palm fiber dried at 105°Cfor 7 h n.a 7.69 [60]
Date palm fiber activated with ZnCl, 1603.50 25.05 [36]

Sger: BET specific surface area, Q

able

parameter can be calculated by introducing the constant K;
obtained by adjusting the Langmuir isotherm to the experi-
mental data. Ry is calculated as in Eq. (8) [48]:

1

R =——1
L7 14K, ®)

where: C, (mg/L) is the initial copper ion concentration,
K; (L/mg) is the Langmuir constant.

The isotherm is favourable when 0 <R; <1, unfavorable
for R; > 1, and irreversible if R; =0. For copper solutions
of 1 to 100 mg/L and for K; =0.193 L/mg, the following
result is obtained:

0 < R,(0.84 t0 0.05) < 1

max. Maximal adsorption capacity of Langmuir isotherm, n.a: not avail-

From the results presented in Table 2, the values of 1/n
of the Freundlich isotherm are lower than 1. According
to the Freundlich theory [61, 62], when 1/n< 1 pollutant
adsorption is favourable on the adsorbent. The same theory
has been attributed to agp (agp < 1) of the Redlich-Peterson
model [62].

The Redlich-Peterson and Sips models are a combination
of the Langmuir and Freundlich isotherms. The R? values
are relatively satisfactory (close to 1) for both models, with
a lower Xz value for the Sips model (Table 2).

3.2.4 Thermodynamic Study

The evolution of copper ions removal efficiency by adsorp-
tion on DPFAC (Fig. 6a) showed that increasing the solution

99.2 -
102] — Vant Hoff curve
“ ° y=-3009.19 X + 1940

9884 o R==0.9798
%
§ 98.4 4 . 9.84
3} N
2 (b)
S 5 9.6
7; 98.0 4
9
g 9.4 4
&

97.6 4

Cui™=10 mg/L, Dose of DPFAC=4g/L 9.2 Cu2"=10 mg/L, Dose of DPFAC=4g/L )
Equilibrium time = 1 h Equilibrium time = 1h
972 T T T T T T T 9.0 T T T T T T T T
20 30 40 50 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340 0.00343
Temperature (°C) /T

Fig.6 Evolution of the removal efficiency (a), Van’t Hoft curve (b) for copper ions adsorption on DPFAC according to temperature (T° =20, 30,

40, 50 °C)
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temperature improved slightly the treatment efficiency, from
97.47% at 20°C up to 99.02% at 50°C.

According to Abdulkareem et al. [50], the increase in
temperature suggests enhancement of interaction between
the metal ions and the adsorbent resulting in an increase of
the kinetic energy and elevation of the mobility of the metal
ions for increased diffusion to the surface of the adsorbent.

The data obtained were evaluated in terms of thermody-
namic parameters, namely the standard Gibbs free energy
(AG®), the variation in standard enthalpy (AH°®) and the
variation in entropy (AS®) [48, 63], which can be calculated
according to the Egs. (9) - (12):

AG = AH —TAS )

AG" = —RTLnK, (10

where: R (8.314 J/mol.K) is the perfect gas constant of, T
(Kelvin (K)) is the absolute temperature, K, (dimensionless)
is the distribution coefficient.

According to the approach of Biggar and Cheung [63],
the distribution coefficient (K;) is expressed in the formula
below:

qe
K, = —
47 Ce an

As q, is expressed in mg/g and Ce is given in mg/L, so K,
will be calculated in L/g.

By replacing the value AG® of Eq. (10) in Eq. (9) is
obtained Eq. (12), that represents the Van’t Hoff equation:
Lan=%x%+% 12)

Canzano et al. [64] proposed that K, (L/g) should be
dimensionless by multiplying K4 (L/g) with 10,

AG® (J/mol) is calculated by Eq. (10). The intersection
and the slope of the line LnK; as a function of 1/T (Fig. 6b)
are used to evaluate the entropy values (AS°) and enthalpy
(AH®), respectively.

According to the results presented in the Table 4,
the AG®° values obtained are negative and increase in
absolute values with increasing temperature, indicating

favourable and more spontaneous adsorption with
increasing temperature [15, 65]. Humelnicu et al. [65]
have attributed this variation to the reduction in the
thickness of the boundary layer surrounding the adsor-
bent, which rapidly facilitates the transfer of the pol-
lutant to the surface of the adsorbent. The variation in
enthalpy (AH®) is positive, supporting the hypothesis
that the adsorption process is endothermic and bonding
with copper ions at adsorbent sites are strong [66]. This
provides evidence of the increase in copper ions removal
efficiency with increasing temperature. In addition,
achieving values of AH® > 0 indicates that physisorp-
tion may occur in addition to chemisorption at the sur-
face of the adsorbent [67]. This effect is highlighted by
the conclusions of the adsorption kinetics and isotherms
tests. AS® values are > 0, suggesting an enhancement of
randomness at the adsorbent/contaminant interface [15].

3.2.5 Overview of Copper Adsorption Mechanisms
on DPFAC

Previous studies have reported that several functional
groups present on the surface of activated carbon con-
tribute to coordination with metal ions in solution [15, 49,
52, 67]. Based on the hypotheses advanced by these stud-
ies and the analysis of FTIR spectrum of DPFAC sample
(Fig. 2), it can be stated that Cu-rn bonds can be formed
on the surface of DPFAC with aromatic C=0 or C=C
ligands. Copper ions or complex ions with alcoholic
or phenolic hydroxyl (R-OH) and carboxyl (R-COOH)
groups can also be formed.

Based on the results of the textural characterization of
DPFAC, it was noted that the average diameter of its pores
was of the order of 17.48 A. Based on this effect, Copper
has a low hydrated ionic radius (4.19 IOA) [11, 68] which
facilitates the pore-filling mechanism. In addition, the high
adsorption efficiency obtained at equilibrium (97.47%) can
be justified by the fact that copper has a high electronega-
tivity (1.90) [15, 52, 69], which allows it to make surface
chemical bonds easily. As mentioned above, the pH of
the solution and the pHp,- at the surface of the adsorbent
affect these mechanisms. In the case of copper, it would be

Table 4 Parameters of copper ions adsorption thermodynamics on DPFAC (DPFAC dose=4 g/L, Cu2+0= 10 mg/L, T° =20, 30, 40, 50 °C, Con-

tact time =60 min)

T Van’t Hoff equation | AG® AH° AS°

(K) LnK, = =20 x - + & (KJ/mol) (KJ/mol) (J/(K.mol))
293 Y =-3009.19x + 19.40 22.348 25.018 161.292
303 R?=0.9798 23758

313 -25.305

323 27232

@ Springer



Chemistry Africa (2024) 7:3903-3915

3913

recommended to carry out the treatment in an acid medium
(around 5) in order to avoid its precipitation in the solution
in the form of Cu(OH),.

4 Conclusion

This study showed that activated carbon prepared from date
palm fibers by using phosphoric acid (DPFAC) exhibited a
well-developed morphology and texture. DPFAC presented
varied surface bonds and a high specific surface area (834.79
m?/g). In addition, the average pore diameter (17.48 10\) was
large enough to receive copper ions with a hydrated ionic
radius of 4.19 A. All these parameters were favourable for
the adsorption of Cu?*.

Adsorption tests using DPFAC for copper ions
removal in synthetic solutions achieved that the removal
of copper ions is relatively fast, as the adsorption kinetics
reached equilibrium within 60 min. At equilibrium time,
the efficiency achieved was very satisfactory, at around
97.47%. The non-linear pseudo-second-order model pro-
vided a more accurate description of adsorption kinetics
compared to the pseudo-first-order model. The process
was influenced by the pH of the treatment and pHp,
of the adsorbent, and the initial metal ions concentra-
tion in the solution. Based on these results, in order to
improve the adsorption efficiency of Cu** on DPFAC
and to avoid precipitation in the solution, it would be
appropriate to treat the solutions with an initial pH of
around 5.5. The isotherm models demonstrated an ade-
quate fit to the experimental data, suggesting that copper
ions removal by adsorption onto DPFAC was favourable.
The Langmuir isotherm exhibited the closest agreement
with the experimental data compared to the other tested
models. The Langmuir Q,,,, reached 48.59 mg/g. Cal-
culation of thermodynamic parameters confirmed that
the adsorption process was spontaneous and endother-
mic, with a high degree of randomness on the surface
of DPFAC. The predominant adsorption mechanisms for
copper ions on DPFAC involve electrostatic attraction,
pore filling, surface complexation, and Cu-x interactions.
These considerations highlight the significant potential
for DPFAC derived from date palm fibers to be improved
as a suitable adsorbent for the removal of copper ions
from wastewater.
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