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Article 
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Abstract: Date palm trees generate large amounts of various types of waste, including leaf sheath fibers 
which can be used as a low-cost, precursor for production of biochar including activated carbon (AC) that 
can be employed for adsorption of contaminants. In the current study, activated carbon was made from 
leaf sheath fibers of date palm (LSDPFAC) by use of chemical activation with  K2CO3, combined with 
microwave irradiation, characterized and evaluated for its adsorptive capacity of lead ions (Pb2+). The 
Brunauer–Emmett–Teller (BET) surface area, Langmuir surface area, total pore volume and average pore 
diameter of LSDPFAC were 560.20 m2/g, 744.31 m2/g, 0.29 cm3/g and 2.47 nm respectively. When the initial 
concentrations of Pb2+ were increased from 1 to 10 mg/L, Pb2+ adsorption increased from 0.97 to 8.76 mg/g, dry 
mass (dm) while the percent of Pb2+ removed decreased from 96.70 to 87.60%. The greatest removal of 
Pb2+ occurred at pH 13 with adsorption capacity of 9.15 mg/g, dm. Results of isotherm and kinetic studies 
demonstrated that adsorption of Pb2+ onto LSDPFAC was best described by the Freundlich isotherm and 
pseudo-second order (PSO) models. Langmuir monolayer adsorption capacity, Qm was 14.10 mg/g. 
Thermodynamic parameters of H°, S°, G° and Ea were 6.39 kJ/mol, 0.12 kJ/mol.K, -31.28 kJ/mol and 
15.90 kJ/mol, respectively, which demonstrated that adsorption of Pb2+ by LSDPFAC was endothermic, 
spontaneous and governed by physisorption.  

Keywords: activated carbon; metal ions; Phoenix dactylifera L.; isotherm; kinetic; microwave 
irradiation; biochar 

1. Introduction

Due to the existence of many pollutants in the water supplies, around the globe, more than 700 
million people do not have access to drinkable water (Rajendran et al., 2022). Some of the most 
common water contaminants are metals, including lead (Pb), zinc (Zn), nickel (Ni), cadmium (Cd), 
chromium (Cr), copper (Cu), Arsenic (As) and mercury (Hg). Although all countries have fixed the 
maximum permissible concentrations of metals in surface waters, these rules are difficult to enforce 
under realistic situations (Liu et al., 2021c, Xiang et al., 2022). When present at concentrations that 
exceed permissible concentrations, these metals can cause adverse effects and impart serious health 
problems to humans, such as damaging kidney, nerve tissue and liver. Furthermore, they can be 
cancerous towards vital organs including bladder, skin and lung (Iqbal and Yahya, 2021, Yusop et 
al., 2022a, Mirzabeygi et al., 2017). Besides that, metals are able to cause various illness in bones, 
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muscles, fats and joints of people (Afroze and Sen, 2018). One of the most hazardous metals is lead 
(Pb2+), which is released to the lithosphere during processes, including metallurgy mining, lead-acid 
battery factories, vehicle exhaust and tin-lead solder in domestic pipes (Zeng et al., 2017). Lead has 
been directly connected to severe diseases including pathology of the liver, malfunction of the kidney, 
rupture of central nervous system and infertility (Rezania et al., 2022, Goswami et al., 2017, Du et al., 
2022). Moreover, Pb2+ is associated with diseases like encephalopathy and anaemia (Zhang et al., 
2018). Due to these negative effects, treatment of Pb2+ has become an interest to many researchers 
around the globe.  

There are a range of methods employed to remove Pb2+ , including ion exchange (Gupta et al., 
2018), electro-chemical (Xu et al., 2018), electro-dialysis (Gherasim et al., 2014), membrane filtration 
(Azamat et al., 2021) and biological process (Lystvan et al., 2021). Furthermore, adsorption using 
activated carbon (AC) is another method that has been described as one of the best methods due to 
several key factors. First, this method is fast where equilibrium can be obtained in as little as 45 
minutes (Manfrin et al., 2021). Second, adsorption is versatile in adsorbing a wide range of 
contaminants including metals (Yusop et al., 2022b, Kongsune et al., 2021), dyes (Azmier et al., 2021, 
Yusop et al., 2021a, Alharbi et al., 2022a), caffeine (Quesada et al., 2022), pesticide (Aziz et al., 2021), 
carbon dioxide (Li et al., 2022) and many more. Third, adsorption process is relatively easy and 
economically feasible since biochar can be derived from low-cost biomass wastes, such as corn fibre 
(Mbarki et al., 2022), orange peels (Ramutshatsha-Makhwedzha et al., 2022), teak wood (Firdaus et 
al., 2022), date palm bark wastes (Haghbin and Niknam Shahrak, 2021), acacia wood (Yusop et al., 
2021b), mango seeds (Lai, 2021) and others that can be converted into AC. Last, but not least, reuse 
and recycle of the biomass waste through the conversion to AC can be an efficient method of agro-
industrial waste management (Kongsune et al., 2021). In this study, waste from date palm (leaf sheath 
date palm fibers) was used to produce AC (LSDPFAC) and its efficiency for adsorbing Pb2+ from 
aqueous solution was evaluated. The date palm (Phoenix dactylifera L.) is a tree that belongs to the 
family of Arecaceae and is largely cultivated in the Middle Eastern and North African countries (Al 
Harthi et al., 2015, Alotaibi et al., 2023). Beside production of edible fruits, the date palm tree produces 
large amounts of agricultural wastes; for instance one date palm tree can produce up to 40 kg of waste 
per year, ranging from dried leaves, sheaths, spathes and petioles (Rambabu et al., 2021). Conversion 
of leaf sheath date palm fibers to AC was effective for removing dye from aqueous solution (Alharbi 
et al., 2022b), and its efficiency for adsorbing heavy metal deserves further investigation. Utilization 
of leaf sheath date palm fibers for producing AC can be a good approach to reduce the amount of 
generated date palm waste in addition to saving the environment by adsorbing Pb2+ pollutant from 
aqueous solution. Therefore, the objective of the current study was to produce AC from leaf sheath 
date palm fibers as a low-cost precursor via activation with K2CO3 under microwave heating for Pb2+ 

adsorption from aqueous solution.  

2. Materials and Methods 

2.1. Materials 

The precursor of leaf sheath date palm fibers was acquired from a private farm near Riyadh city, 
Saudi Arabia. Potassium carbonate, K2CO3 that was used as chemical activating agent was purchased 
from Sigma Aldrich (St. Louis), while 0.10 M hydrochloric acid, HCl was bought from R&M 
Chemicals. Synthetic wastewater was prepared by using lead nitrate, Pb(NO3)2 (assay > 99.0), which 
was purchased from Sigma Aldrich. Nitrogen gas, N2 (purity of 99.9%) was supplied by MOX Gases 
Berhad. 

2.2. Preparation of activated carbon (LSDPFAC) from leaf sheath fibers from date palm 

Once obtained, the precursor of fibers of leaf sheath from date palm were first dried in open air, 
chopped into small pieces and finely ground to reach a particle size of 1-2 mm. These materials were 
transferred to the lab, cleaned with water and placed in an oven at 110°C for 48 hours to dry. The 
dried precursor was saturated with K2CO3 at a ratio of 1:3. The impregnated sample was once again 
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stored in an oven at 50°C for 24 hours. At this point the material was heated using modified 
microwave oven (EMW2001W, Sweden) at a radiation power of 616 Watt for 10 minutes. An anoxic 
atmosphere was created by passing N2 gas through the container of the sample at 80 cm3/minutes. 
After heating was complete the sample, which at that point had been transformed to LSDPFAC, was 
cooled. The LSDPFAC was soaked in 0.10 M HCl for 30 minutes then rinsed with warm water until 
the washing solution pH becomes 6-7. Wet LSDPFAC was heated in the oven at 110°C for 24 hours. 
Once dried, the LSDPFAC was kept inside air-tight container until use for adsorption studies and 
characterization tests. 

2.3. Characterization methods 

LSDPFAC was characterised for various parameters. Surface area estimated by use of the 
Brunauer–Emmett–Teller (BET) and Langmuir function, and pore characteristics, including total pore 
volume and average pore size, of the LSDPFAC were determined by volumetric adsorption analyser 
(Micromeritics ASAP 2020). Surface morphology was examined by use of scanning electron 
microscope (SEM) (Model: LEO SUPRA 55VP, Germany). Analysis of elemental composition was 
achieved by use of simultaneous thermal analyser (STA) (Model: Model Perkin Elmer STA 6000, 
USA) and proximate analysis was carried out by thermogravimetric analyser (TGA). Surface 
chemistry analysis were done by using Fourier transform infrared, FTIR spectroscope (Model: IR 
Prestige 21 Shimadzu, Japan). The distribution of zeta potential was acquired by employing zeta 
potential analyser (Model: Zetasizer Nano Series DKSH). 

2.4. Equilibrium Study 

Several parameters were altered to investigate their effect on uptake of PB2+ uptakes and 
percentage removal from solution. The first parameter investigated was the effect of initial 
concentration of Pb2+. Six Pb2+ solutions with initial concentration from 1.0 to 10 mg/L were prepared 
inside 6 conical flasks. The volume of each of these solutions was 200 mL. All of these conical flasks 
were placed into a water bath shaker. Next, accurately weighted 0.2 g of LSDPFAC was added to 
each conical flask and the mouth sealed with film to prevent evaporation. The temperature of water 
bath shaker was 30°C and the shaking speed 60 rpm. Every 30 minutes, samples of Pb2+ solutions 
were withdrawn using a syringe and its concentration determined by use of UV-Vis 
spectrophotometry (Model: Agilent Cary 60, USA). This process was continued until steady state was 
achieved. The second parameter investigated was temperature. Adsorption was tested at 30, 40 and 
50°C, at constant pH. The pH of the Pb2+ solution was adjusted to 3, 5, 7, 9, 11 or 13 by use of HCl or 
NaOH, with temperature fixed at 30°C. Other experimental conditions were fixed as follows: (i) 
volume solution of 200 mL, (ii) adsorbent weight of 0.2 g and (iii) shaking speed of 60 rpm. Capacity 
of LSDPFAC to absorb Pb2+ and the percentage removal of Pb2+ by LSDPFAC were determined 
(Equations 1 and 2). 𝑞௘ =  

ሺ𝐶௢ − 𝐶௘ሻ𝑉𝑀  (1)

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 ሺ%ሻ =  
ሺ஼೚ି ஼೐ሻ஼೚  × 100%   (2)

where qe refers to the amount of Pb2+ ions adsorbed by LSDPFAC at equilibrium state (mg/g), Co and 
Ce refer to the Pb2+ concentration at initial state (mg/L) and equilibrium state (mg/L) respectively, V 
refers to the volume of Pb2+ solution and M refers to the weight of LSDPFAC (g). 

2.5. Isotherm study 

Knowledges about the connection between adsorbate concentration in the bulk phase and the 
adsorbate concentration in the solid phase can be determined by studying isotherm models. Hence, 
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the two most popular isotherm models of Langmuir (Langmuir, 1918) (Equation 3) and Freundlich 
(Freundlich, 1906) (Equation 4) were used to describe the isotherms.  𝑞௘ =  

𝑄௠𝐾௅𝐶௘
1 +  𝐾௅𝐶௘     (3)

𝑞௘ =  𝐾ி𝐶௘ଵ ௡ಷൗ
       (4)

where Qm refers to the Langmuir maximum monolayer adsorption capacity (mg/g), KL refers to a 
parameter that has relation with the energy of adsorption (L/mg), KF refers to the constant of 
adsorption process (mg/g)(L/mg)1/n, nF refers to the heterogeneity parameter, R refers to the universal 
gas constant with a fixed value of 8.314 J/mol. K and T is the temperature of the adsorbate solution 
(K). To fit the non-linear equations of the isotherm models, Microsoft Excel Solver v. 2016 was used. 
The model that best fitted the adsorption data was chosen based on the correlation coefficient, R2 as 
well as root mean squared error (RMSE). The value of RMSE was calculated (Equation 5) (Marrakchi 
et al., 2020): 𝑅𝑀𝑆𝐸 =  ට ଵ௡ିଵ∑ ൫𝑞௘,௘௫௣,௡ −  𝑞௘,௖௔௟,௡൯ଶ  ௡௡ୀଵ   (5)

2.6. Kinetic study 

The same procedure as that used for the equilibrium study was performed, except that in the 
kinetic study, concentrations of Pb2+ were determined at a pre-determined time between 0 to 180 
minutes. The two most popular kinetic models of pseudo-first order (PFO) (Lagergren, 1898) 
(Equation 6) and pseudo-second order (PSO) PSO (Ho and McKay, 1998) (Equation 7) were both 
applied. 𝑞௧ =  𝑞௘ሾ1 − 𝑒𝑥𝑝ሺ−𝑘ଵ𝑡ሻሿ (6)𝑞௧ =  

௞మ௤೐మ௧ଵା ௞మ௤೐௧  (7)

where k1 and k2 refer to the rate constant obtained from PFO model (1/min) and rate constant obtained 
from PSO model (g/mg min) respectively. The kinetic model that best described the adsorption data 
were judged based on R2 along with RMSE values. 

2.7. Thermodynamic study 

Solution temperature influences adsorbate-adsorbent interactivity during the adsorption 
process. Hence, these effects can be fully understood by conducting a thermodynamic study. There 
are 4 important thermodynamic parameters: change of enthalpy, H°, change of entropy, S°, Gibbs 
free energy, G° and Arrhenius activation energy, Ea. To determine the values of ΔH° (kJ/mol) and 
ΔS° (kJ/mol.K). The relationships among these parameters were described by the Van’t Hoff equation 
(Equation 8). 𝑙𝑛 𝐾௖ =  

𝛥𝑆°𝑅  −  
𝛥𝐻°𝑅𝑇     (8)

where R denotes the universal gas constant with a fixed value of 8.314 J/mol.K, T refers to the solution 
temperature (K) and Kc is a dimensionless parameter that is recognized as equilibrium constant. Kc 

can be computed (Lima et al., 2019) (Equation 9). 
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𝐾௖ =  

1000
𝑚𝑔𝑔  × 𝐾௅  × 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 ×  ሾ𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒ሿ°𝛾  (9)

where [adsorbate] is the adsorbate standard concentration where the value of this parameter can be 
presumed as 1 mol/L at a standard condition, ϒ is a dimensionless parameter that refers to the activity 
coefficient for the studied adsorbate and KL is the adsorption constant obtained from Langmuir 
isotherm model (L/mg). On the other hand, the following formulas as shown below was utilized to 
find the other two parameters of thermodynamic namely ΔG° (kJ/mol) (Equation 10) and Ea (kJ/mol) 
(Equation 11), respectively. ∆G° =  H° − TS° (10)𝑙𝑛 𝑘ଶ = 𝑙𝑛 𝐴 −  

𝐸௔𝑅𝑇      (11)

where k2 refers to the rate constant obtained from PSO kinetic model (g/mg.min) whilst A represents 
the factor of Arrhenius.  

3. Results and discussion 

3.1. Characteristics of samples 

LSDPFAC had a BET surface area of 560.20 m2/g and Langmuir surface area of 744.31 m2/g. This 
value of BET surface area is similar to that of AC derived from acacia wood-based (AWAC) with a 
BET of 1045.56 m2/g (Yusop et al., 2021b). This is because unlike AWAC, LSDPFAC was synthesized 
with chemical treatment, without undergoing an initial carbonization. Carbonization is known to aid 
in formation of a network of pores during initial stages of formation of AC. Nonetheless, the decision 
to omit carbonization stage in producing LSDPFAC was justified by the fact that the process of 
producing LSDPFAC was simpler and required one less step, and was deemed to be more 
environmentally friendly, due to the usage of N2 gas instead of CO2 gas during microwave heating 
treatment. The mean BET surface area for LSDPFAC was also contributed by the relatively moderate 
radiation power (616 Watt) employed in this study. In comparison, a previous study (Hijab et al. 
(2021) succeeded in producing AC with relatively larger surface area of 1123 m2/g from date stones 
by use of radiation power of 850 W. Creation of surface area in LSDPFAC was initially contributed 
by the chemical agent (K2CO3) that penetrated the external layer of precursor to create a network of 
pores. During microwave activation, K2CO3 enhanced degradation of polar components, such as 
cellulose and lignin in the date palm material (Canales-Flores and Prieto-García, 2020). Total pore 
volume of LSDPFAC was 0.29 cm3/g, while mean diameter of pores was 2.47 nm. Since this value is 
between 2 to 50 nm, pores in LSDPFAC were verified to be mesopores type. Despite using a moderate 
radiation power of 616 Watt and omission of carbonization, LSDPFAC still contained mesopores, 
which validated use of K2CO3.  

The precursor used in this study was confirmed to be appropriate because it had a carbon 
content of 33.45% and relatively large proportion of fixed carbon of 19.92% (Table 1). In comparison, 
the fixed carbon in other biomass materials were 18.82% for durian shell (Liu et al., 2021a), 17.10% 
for almond shell (Martinez et al., 2019), 14.06% for karanja fruit hull (Tan et al., 2019) and 18.12% for 
coffee husk (Martinez et al., 2019). Chemical activation by K2CO3 coupled with microwave heating 
effectively removed moisture and volatile components from date palm materials. In LSDPFAC, the 
proportion of elemental carbon increased to 55.67 and fixed carbon increased significantly to 76.52%. 
Conversely, proximate analysis showed that volatile matter decreased from 66.27 to 5.99%. During 
microwave heating, moisture and other polar components inside the sample absorb the microwave 
energy and vibrated at more rapidly, which caused heat to be dissipated. Heat was then causing the 
volatile matter to evaporate and leave the sample. Moisture increase from 11.92 to 14.26% after 
chemical treatment and microwave heating. This increment occurred in terms of percentage only and 
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did not reflect an actual increase in the absolute amount of moisture. Moisture came from addition 
of deionized water to mix the sample and K2CO3 during the chemical activation stage.  

Table 1. Elemental and proximate analysis of samples. 

Samples 

 

Elemental analysis Proximate analysis 

C H N S Others Moisture 
Volatile 

matter 

Fixed 

carbon 
Ash 

Precursor  33.45 3.85 0.97 0.37 61.36 11.92 66.27 19.92 1.90 
LSDPFAC 55.67 5.44 0.74 0.37 37.78 14.26 5.99 76.52 3.23 

At a magnification of 5000X in SEM images of precursor materials and LSDPFAC, the surface of 
precursor was seen to be rough, dense and contains no pores Magnification level for SEM images for 
precursor and LSDPFAC were 5000x (Fig. 1). Pores in LSDPFAC were once occupied by the typical 
components of lignocellulosic materials such as cellulose, hemicellulose and lignin (Neme et al., 
2022), which were subsequently removed, which resulted in formation of the network of pores in 
LSDPFAC.  

 
(a) 

 

(b)  

Figure 1. SEM images of (a) precursor material and (b) LSDLFAC (5000x magnification). 

The surface of AC, carried a net charge, which is a function of precursor used, and activation 
steps applied during synthesis AC. Since adsorption is a surface phenomenon, CV can influence 
adsorption. This net charge can be verified from distribution of zeta potential (Maršálek and 
Švidrnoch, 2020) (Figure 2a). The zeta potential for LSDPFAC was -25.5 mV, which indicated that 
LSDPFAC carried a net negative charge on its surface. AC generally carries a net zeta potential, which 
is more efficient for adsorbing positive charge (Yusop et al., 2021b).  
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Figure 2. Zeta potential for LSDPFAC (a) and FTIR spectra for precursor materials and 
LSDPFAC (b). 

The surface of precursor material was filled with functional groups of methylene (CH2)n as 
determined by the presence of an FTIR peak of 748 cm-1, which is indicative of aromatic ring stretch 
C=C-C at a peak of 1583 cm-1, methyl C-H asymmetric stretch at 2970 cm-1 and nonbonded hydroxy 
group OH stretch at 3645 cm-1. (Figure 2b and Table 2) These functional groups did not appear in the 
surface of LSDPFAC, were removed during activation steps. Some functional groups survived the 
activation steps, thus appearing in both surfaces of precursor and LSDPFAC. These functional groups 
were peroxide C-O-O- stretch, which appeared at 860 cm-1 in precursor and at 856 and 881 cm-1 in 
LSDPFAC, together with phenol which appeared at 1199 and 1198 cm-1 in precursor and LSDPFAC, 
respectively. Some new peaks, such as tertiary alcohol C-O stretch at 1148 cm-1 and carbonate ions at 
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1477 cm-1 were observed on LSDPFAC. Carbonate ions came from the K2CO3 utilized during chemical 
activation. 

Table 2. Diagnostic peaks in FTIR spectra of precursor materials and PFAC. 

Precursor LSDPFAC 

Peak (cm-1) Functional groups Peak (cm-1) Functional groups 

748 Methylene –(CH2)n 648 Alkyne C-H  bend 
860 Peroxides, C-O-O- stretch 677 Alkyne C-H  bend 
1199 Phenol, C-O stretch 856 Peroxides, C-O-O- stretch 
1583 C=C-C Aromatic ring stretch 881 Peroxides, C-O-O- stretch 
2970 Methyl C-H asymmetric stretch 1148 Tertiary alcohol, C-O stretch 

3645 
Nonbonded hydroxy group, OH 

stretch 
1198 Phenol, C-O stretch 

  1477 Carbonate ions 

3.2. Adsorption equilibrium 

To understand effect of duration of contact and initial concentration on adsorption of Pb2+, 
adsorption as a function of time and plots of percent Pb2+ removed as a function of contact time were 
examined for various initial concentrations of Pb2+ (Figure 3a and b). When Pb2+ initial 
concentration was raised from 1 to 10 mg/L, Pb2+ adsorption uptakes increased from 0.97 to 
8.76 mg/g whilst Pb2+ percentage removal decreased from 96.70 to 87.60%. At higher Pb2+ 
initial concentration, more Pb2+ ions were available to be adsorbed by LSDPFAC, thus indicated 
greater adsorption of Pb2+ when initial concentrations of Pb2+ were greater.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 September 2023                   doi:10.20944/preprints202309.0321.v1

https://doi.org/10.20944/preprints202309.0321.v1


 9 

 

 

Figure 3. Adsorption of Pb2+ by LSDPFAC versus time at 30°C for different initial concentration (a) 
and percentage removal of Pb2+ by LSDPFAC versus time at 30°C for different initial concentration 

(b). 

Adsorption of Pb2+ by LSDPFAC was best in alkaline conditions; the greatest amount of Pb2+ 
removed, was 9.15 mg/g, dm at pH 13, while the least, which was 4.51 mg/g was removed at pH 3 of, 
(Figure 4a). Under acidic conditions of pH 3, existence of more H+ ions resulted in the surface of 
LSDPFAC having a net positive charge, hence repulsing the positively charged Pb2+ ions. At pH 5, 
there was an induction effect had reduced a bit in intensity, thus resulting in greater adsorption of 
Pb2+ 4.85 mg/g. At pH 7, amount of H+ and OH- were equal, therefore the induction effect on the 
LSDPFAC was cancel out. Due to effects of surface charge adsorption of Pb2+ was greater under 
alkaline conditions. At pH 11, large amounts of OH- were available in solution, which created an 
intense induction on surfaces of LSDPFAC. Adsorption of Pb2+ was 9.08 mg/g. At pH 13, adsorption 
of Pb2+ increased only slightly to 9.15 mg/g because increasing the number of OH- in solution could 
no longer enhance adsorption.  
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Figure 4. Plots of Pb2+ adsorption uptakes by LSDPFAC versus solution pH at 30°C (10 mg/L initial 
concentration, 0.2 g adsorbent dosage and 200 ml of solution) (a) and plots of isotherm models for 

Pb2+-LSDLFAC adsorption system at 30°C (b). 

3.3. Adsorption isotherm 

Adsorption of Pb2+ by LSDPFAC could best be described by the Freundlich model (R2 = 0.9972; 
RMSE = 0.11 (Table 3; Figure 4b). Thus, Pb2+ ions formed a multilayer coverage on the surface of 
LSDPFAC. The maximum monolayer adsorption capacity, Qm was 14.10 mg/g, which is comparable 
to other findings, such as adsorption of Pb2+ by leaf extract ZnO nanoparticles, which was 16.26 mg/g 
(Joshi et al., 2022) and rice husk biochar, which was 22 mg/g (Liu et al., 2021b). Since the heterogeneity 
factor, n for adsorption of PB2+ by LSDPFAC, which was 1.69 was between 1.0 and 10, adsorption of 
PB2+ was favorable (Yusop et al., 2021b).  

Table 3. Isotherm parameters for Pb2+-LSDLFAC adsorption system at 30°C. 

Isotherm. Parameters 30 °C 

 
Langmuir 

Qm 14.10 
KL 1.21 
R2 0.9976 

RMSE 0.35 

 
Freundlich 

K 7.65 
n 1.69 
R2 0.9972 

RMSE 0.11 

3.4. Adsorption kinetics 
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Kinetics of adsorption Pb2+ onto LSDPFAC was best described by PSO (Figures 5a and b). The 
R2 values for PSO was greater (average: 0.9967) than that of PFO (average R2 0.9495) (Table S1). The 
RMSE value, for PSO of 0.22 was less than that of PFO, which was 1.48. Adsorption of Pb2+ by AC 
produced from cigarette waste (Manfrin et al., 2021) and by AC derived from mangosteen peel 
(Kongsune et al., 2021) were also best described by PSO model. A consistent decreasing trend was 
observed in k2 values (from 0.1168 to 0.0023 g mg-1 min-1) as Pb2+ initial concentration increased from 
1 to 10 mg/L. At greater initial concentration of Pb2+, existence of many Pb2+ ions in solution creates a 
great competition for adsorption process to occur.  

 

Figure 5. Plots of pseudo-first order kinetic model for Pb2+-LSDLFAC adsorption system at 30°C (a) 
and plots of pseudo-second order kinetic model for Pb2+-LSDLFAC adsorption system at 30° C (b). 

3.5. Adsorption thermodynamic 

The thermodynamic nature of adsorption process can be understood by conducting the 
adsorption process at various temperatures (Figure 6) (Table S2). For instance, when the solution 
temperature increased from 30 to 50°C, adsorption of Pb2+ increased from 8.76 to 8.98 mg/g, which 
indicated an endothermic adsorption of Pb2+ by LSDPFAC (Figure 6), which was consistent with the 

positive value of H° of 6.39 kJ/mol. Similarly, adsorption of Cu2+, Pb2+, Cd2+ and Zn2+ ions by AC-
supported silver-silica nanocomposite were all endothermic (Nyirenda et al., 2022). The positive S° 
of 0.12 kJ/mol K indicated an increment of randomness at the liquid-solid interface. The value of Ea, 
which was 15.90 kJ/mol was less than 40 kJ/mol, suggested that adsorption of Pb2+ by LSDPFAC was 
physically governed (Preeti et al., 2021). The negative G° of -31.28, -32.53 and -33.77 kJ/mol at 
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temperatures of 303.15, 313.15 and 323.15 K, respectively indicates that adsorption of Pb2+ onto 
LSDPFAC occurred in a spontaneous manner at all temperatures. 

 

Figure 6. Adsorption capacity of Pb2+ onto LSDPFAC versus different solution temperature. 

4. Conclusions 

Date palm leaf sheath fiber was successfully converted to AC (LSDPFAC) then used to remove 
Pb2+ ions from aqueous solution. The LSDPFAC had BET and Langmuir surface areas, with total pore 
volume and average pore diameter of 560.20 m2/g, 744.31 m2/g, 0.29 cm3/g and 2.47 nm, respectively. 
FTIR spectrum revealed that LSDPFAC’s surface were occupied by alkyne C-H bend, peroxides C-
O-O stretch, tertiary alcohol C-O stretch, and phenol C-O stretch. When Pb2+ initial concentration 
increased from 1 to 10 mg/L, Pb2+ adsorption uptakes increased from 0.97 to 8.76 mg/g whilst Pb2+ 

percentage removal decreased from 96.70 to 87.60%. The greatest rate of adsorption of Pb2+ was 9.15 
mg/g at pH 13 and 8.98 mg/g at temperature of 50°C. Adsorption could be well described by the 
Freundlich and PSO models, respectively. Langmuir monolayer adsorption capacity, Qm was found 
to be 14.10 mg/g. The results of the thermo-dynamic study revealed that the adsorption process was 
endothermic, spontaneous and governed by physisorption. The findings of this study demonstrate 
that date palm leaf sheath fiber can be used as a low-cost precursor of activated carbon that showed 
a promising potential for application in Pb2+ removal from contaminated water.  
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