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A B S T R A C T   

The conversion of palm kernel shells (PKS), a major agricultural waste from the palm oil sector, 
into a potentially high-value biosorbent for heavy metals-contaminated wastewater treatments 
was explored in this work. Following carbonization, the activated PKS was chemically activated 
by soaking the biochar in a phosphoric acid (H3PO4) solution at 25 ◦C. The low-temperature 
approach benefits from less dangerous acid fume production and operational challenges when 
compared to the high-temperature procedure. The properties of the biochar were characterized by 
BET, FTIR, and SEM. The effects of H3PO4 dosage, initial Pb(II) concentration, and adsorbent 
dosage on removing Pb(II) from synthetic wastewater were investigated in the adsorption study. 
The activation of PKS biochar with high H3PO4 concentrations led to enhanced removal effi-
ciency. The pseudo-second-order (PSO) kinetic model fitted the experimental data well (R2 0.99), 
indicating that chemisorption was likely involved in the adsorption of Pb(II) onto activated PKS. 
Pb(II) sorption was possibly promoted by the presence of phosphate moieties on the adsorbent 
surface. The Langmuir isotherm best described the sorption of Pb(II) onto the activated PKS (R2 

0.97), giving the calculated maximum adsorption capacity (qm) of 171.1 μg/g. In addition to 
physical sorption, possible adsorption mechanisms included functional group complexation and 
surface precipitation. Overall, activating PKS biochar with H3PO4 at room temperature could be a 
promising technique to improve the adsorbent’s adsorption efficiency for Pb(II) removal from 
wastewater.   

1. Introduction 

Heavy metal contamination in water leads to both human health and environmental impacts, including effects on human meta-
bolism [1], neuronal damage, cardiovascular disorders, renal injuries, and risk of cancer and diabetes [2]. Among harmful heavy 
metals, lead (Pb) is one of the high-potential threats to human health associated with the digestion of contaminated drinking water [3]. 
According to the U.S. EPA (2023), the maximum concentrations for the heavy metals contaminated in drinking water are Hg (0–002 
mg/L), Pb (0–015 mg/L), Cr (0–1 mg/L), Cu (1–3 mg/L), Cd (0–005 mg/L) and Zn and Ni (0–04 mg/L). However, the lead concen-
tration in water has exceeded the recommended limits in many regions of the world, especially in developing countries. Primary 
sources of heavy metals including Pb (lead) in drinking water are industrialization, urbanization, the growth of population, and 
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agricultural activities [4,5]. Wastewater discharges from these sources can elevate heavy metals in various water bodies leading to 
heavy metal exposure via drinking water. Several practical approaches for wastewater remedies to remove heavy metal traces have 
been reported [6,7]. Among these, novel procedures and materials that help in the finding and elimination of specific heavy metals 
have been developed and caught attention lately, especially bio-absorbent [8–10]. Bio-adsorption is more economical compared to 
other methods, has more flexibility in operation for a wide range of metal contaminants, and has less sludge volume. Nonetheless, the 
removal of metals using the adsorption method crucially depends on adsorbent performance [11–13]. Many recent research studies 
have focused on developing bio-adsorbent materials from various types of biomass [14]. 

Biochar has the potential to be a widely used material to clean up water and soil contamination due to its wide availability of 
feedstocks and favorable physical and chemical surface properties [15–17]. Characteristics of biochar, such as ion-exchange capability, 
surface groups, and pore size distribution all play a role in how well biochar removes pollutants. In general, biochar has several 
functional groups and high porosity [18]. To successfully remediate organic pollutants, biochar must be created at relatively high 
pyrolysis temperatures. This increases surface area, hydrophobicity, and microporosity. The removal of polar organic and inorganic 
contaminants via oxygen-containing functional groups, precipitation, and electrostatic attraction is thought to be more effective with 
biochar produced at lower temperatures [19,20]. Besides pollution remediation, biochar can potentially be used in soil fertility 
improvement through lime action due to its enrichment in the volatile matter and ability to increase pore volume, and carbon dioxide 
removal from the atmosphere [21]. Additionally, nanomaterials based on biochar have demonstrated strong photocatalytic capabil-
ities in the destruction of organic contaminants [22,23]. 

Palm Kernel Shell (PKS) is very attractive as a valuable biomass from palm oil industries. This is because PKS is highly utilized in 
both energy and environmental aspects. PKS is one of the inexpensive biomasses and is abundantly available across Southeast Asia. 
Biochar from PKS can be obtained through the pyrolysis process. Product yields and composition from biomass pyrolysis depend on the 
operating conditions such as types of biomasses, time, temperature, and heating rate [24]. Pristine biochar, a byproduct of biomass 
pyrolysis, has been widely used as a bio-adsorbent; however, its specific surface area is relatively low [25]. Therefore, activation is 
implemented to improve the physical characteristics of the biochar which results in enhanced absorption capacity [26]. In practice, 
activation can be achieved by both physical and chemical methods. For physical activation, air or steam, or CO2 is applied as the 
activation agent. During physical activation, the most volatile carbon of biochar can be removed, and the pore can be diffused with 
others resulting in the enhancement of the specific surface area and a sturdy microporous structure [27]. Whereas chemical activation 
uses a chemical activating agent in a high-temperature process, typically in a range of 450–900 ◦C [28]. Acid, alkali, and oxidation 
treatment are primarily used as activating agents. The advantages of chemicals compared to physical activation are as followed; higher 
surface area, lower operating temperature, higher efficiency, and better microporosity of biochar [29]. 

Among available acid-activated reagents, the advantages of phosphoric acid (H3PO4) over other reagents include less environ-
mental effect and simplicity of recovery [30]. In addition, employing H3PO4 is highly recommended for the acid activation of biochar 
because it enables impregnation at room temperature and improves mesoporous characteristics [31,32]. The phosphorus species 
formed in activated biochar also have the potential to alter and regulate the textural properties and structures of biochar [33]. 

Once the adsorption equilibrium has been reached, the biochar adsorbent can be regenerated for possible reuse. The main 
regeneration concepts used in biochar regeneration are adsorbate desorption and adsorbate decomposition. By using various tech-
nologies to treat various types of biochar, regeneration of biochar and cost reduction can be accomplished. These technologies include 
thermal regeneration, solvent regeneration, microwave irradiation regeneration, and superficial fluid regeneration [34]. Every cycle of 
regeneration generally results in a decline in the effectiveness of adsorption, and the degree of reusability is heavily influenced by the 
type of biochar and the regeneration conditions [35]. 

Despite numerous studies on the improved adsorption capacity of various chemically-activated biochar, the improvement in heavy 
metal adsorption of PKS biochar activated with H3PO4 via a two-step process has received little attention elsewhere. It would be 
interesting to investigate the use of environmentally friendly phosphoric acid as the activating agent to improve the adsorption 
performance of PKS biochar. In this study, the H3PO4 solution was used for low-temperature chemical activation after the carbon-
ization step. The low-temperature approach benefits from less dangerous acid fume production and operational challenges when 
compared to the high-temperature procedure. The adsorption efficiency of Pb(II) removal from synthetic wastewater onto activated 
PKS was then investigated to determine biochar’s potential as an effective adsorbent for heavy metal-contaminated wastewater 
treatment. The adsorption kinetics and isotherm analysis were performed to provide insight into the involved adsorption mechanisms. 

2. Materials and methods 

2.1. Biochar preparation 

PKS obtained from oil palm industries were cleaned to rid of palm fiber before being dehydrated under the sun for at least 24 h, 
followed by baking at 105 ◦C for 24 h in the oven. Dried PKS were pyrolyzed at 400–500 ◦C for 3 h and cooled down at room tem-
perature before being pulverized and sieved for the sizes 250 and 850 mm. For the chemical activation of biochar, 85% V/V H3PO4 
purchased from Sigma Aldrich was used to prepare 500 ml of 45, 65, and 85% V/V solution. Crushed biochar with the amount of 150 g 
at the specific size was soaked into 300 ml of the prepared phosphoric acid solution for 24 h. After that activated biochar was washed 
thoroughly with water 3 times before adjusting pH to 7 using distilled water. Finally, activated biochar was dried in the oven at 105 ◦C 
for 24 h. 
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2.2. Characterization of activated biochar 

The physical and chemical properties of the prepared biochar were analyzed by several techniques. The morphological properties 
were examined by scanning electron microscopy (SEM) equipped with energy dispersive X-ray analysis (EDX) (Zeiss Merlin VP 
compact, Germany). Image scanning and electron mapping were carried out at 5 and 10 kV, respectively, with an X-ray radiation 
source. The SEM images were taken at 5Kx magnification. Pore properties and BET surface areas were analyzed by nitrogen adsorption- 
desorption isotherm at 77 K (ASAP2460, Micromeritics, USA). For BET analysis, the samples were degassed at 80 ◦C for 5 h. An ATR- 
FTIR spectroscopy (TENSOR 27, Bruker) was used to investigate the adsorbent’s functional groups in a wavelength range of 500–4000 
cm− 1 with a resolution of 2.0 cm− 1. Each spectrum was collected from an average of 4 scans with a scanning rate of 0.2 cm− 1/s. 

2.3. Preparation of synthetic wastewater 

All chemicals used in this study were commercial grade, purchased from Sigma Aldrich. Commercial Pb(NO3), in HNO3 standards 
of 1,000 mg Pb/L, was dissolved in distilled water to prepare the aqueous solutions with the desired concentration of 11.67, 19.15, 
33.77, 42.51, and 51.1 mg/L, respectively. The solution was adjusted by adding 0.1 M NaOH until the pH value of 7 was achieved. 

2.4. Batch adsorption studies 

For the investigation of Pb(II) removal using the activated PSK biochar, four sets of batch experiments were set up. In the first set of 
experiments, 10 g of 0, 45, 65, and 85% H3PO4 activated biochar with the size of 250 mm was used in the study of Pb(II) removal from 
the initial Pb(II) concentration of 11.67 mg/L. The second set of experiments was to study the effect of Pb(II) initial concentration on 
removal efficiency. Pb(II) initial concentration in the range of 11.67–51.1 mg/L was applied using 10 g of 85% H3PO4 activated 
biochar with the size of 250 and 850 μm. The third set of experiments was conducted to study the effect of absorbent size on Pb(II) 
removal. 10 g of 85% H3PO4 activated biochar with the size of 250 and 850 μm was used with the initial Pb(II) concentration of 11.67 
mg/L. The fourth set of experiments was performed to test the effect of the adsorbent amount used. Various amounts of 85% H3PO4- 
activated biochar in the range of 10–50 g were utilized while the initial concentration of Pb(II) was 11.67 mg/L and the adsorbent size 
was 250 mm. A contact time of 180 min was applied in all sets of the experiment. The amount of 500 ml Pb(II) solution at various initial 
concentrations was prepared in a beaker. The H3PO4-activated biochar was then added to the beakers. During the batch experiments, 
the solutions were continuously shaken at 100 rpm in a shaking incubator. Samples were collected every minute from the beginning up 
to the first 10 min, after that the samples were collected every 5 min up to the first hour, then samples were collected every 10 min till 
the end of experiments (180 min). At a given time, approximately 15 ml of the solution was sampled out and filtered in a paper 
filtration unit in the following step. The Pb(II) concentration of the clear solution was then analyzed by Inductively Coupled Plasma, 
Optical Emission Spectroscopy (ICP-OES), PerkinElmer Avio200, USA. 

2.5. Batch Pb(II) adsorption analysis 

The adsorption capacity in terms of the amount of Pb(II) adsorbed was calculated using the mass balance equation, as shown in Eqn. 
(1): 

Table 1 
BET surface properties.  

Feedstock Description BET Surface Area 
(m2/g) 

Pore Diameter 
(mm) 

Total Pore Volume 
(cm3/g) 

Reference 

Palm kernel shells 
(PKS) 

0% H3PO4 activated biochar (average size 
250 mm) 

326.50 17.35 0.142 This work 

45% H3PO4 activated biochar (average size 
250 mm) 

318.25 17.69 0.141 

65% H3PO4 activated biochar (average size 
250 mm) 

297.21 18.33 0.136 

85% H3PO4 activated biochar (average size 
250 mm) 

310.36 18.29 0.142 

Palm kernel shells 
(PKS) 

0% H3PO4 activated biochar (average size 
850 mm) 

210.35 18.04 0.091 This work 

45% H3PO4 activated biochar (average size 
850 mm) 

285.23 16.36 0.117 

65% H3PO4 activated biochar (average size 
850 mm) 

181.72 17.54 0.080 

85% H3PO4 activated biochar (average size 
850 mm) 

180.38 18.14 0.082 

Coconut shell Char/H3PO4 = 0.3 n/a n/a 0.652 [26] 
Olive stones Char/H3PO4 = 1.2 1,500 n/a 0.630 [37] 
Organic sewage 

sludge 
H3PO4 activated 289 2.65 0.436 [38]  
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qe =(C0 − Ce) /m (1)  

where qe (mg/g) is the equilibrium concentration of Pb(II) adsorbed onto the biochar, Co (mg/L) is the initial Pb(II) concentration in 
the solution, Ce (mg/L) is the equilibrium concentration in the solution, V (L) is a volume of the aqueous solution being tested, and m 
(g) is an adsorbent amount being used. The efficiency of Pb(II) removal was determined using Eqn. (2): 

removal=(C0 − C) /C0 (2) 

The concentration data were collected from a batch adsorption experiment in an aqueous solution (pH = 7) with initial Pb(II) 
concentrations ranging from 11.67 to 51.10 mg/L using activated PSK biochar as the adsorbent. To investigate the rate-controlling 
mechanisms involved in the Pb(II) sorption process, the pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and intra-
particle diffusion (IPD) models were used in the kinetic study. For the adsorption isotherm analysis, the equilibrium concentration data 
was also linearly fitted with the Langmuir, Freundlich, Elovich, Temkin, and Dubinin-Radushkevich (D-R) models. 

3. Results and discussion 

3.1. Characterization of the biochar 

Table 1 shows the surface area (SBET, m2/g), total pore volume (Vp, ml/g), and most probable pore size diameter (d, m) values for 
the biochar adsorbents. The specific surface area and total pore volume values for adsorbents treated with various acid concentrations 
(0, 45, 65, and 85% v/v) decreased slightly after phosphoric acid (H3PO4) treatment compared to those of untreated biochar. However, 
the pore size diameters of the modified samples tended to increase, particularly with increasing acid concentrations. This could be due 
to phosphoric acid decomposing the lignocellulose materials in biochar, causing morphological changes that increase the porosity of 
the biochar [36]. 

The FTIR spectra of the biochar samples are illustrated in Fig. 1. All of the biochar absorbents show similar spectra patterns with 
common band regions, including –OH stretching in hydroxy groups at 3377 cm− 1, aliphatic C–H stretching at 2920 cm− 1, C––O 
stretching vibration in carbonyl group at 1693 cm− 1, carboxylic C–O stretching at 1577 cm− 1, –CH3 vibrations at 1380, and carboxylic 
C–O stretching at 879 cm− 1 [39–41]. The peak appearing at 2350 cm− 1 is possibly due to the presence of carbon dioxide trapped in the 
biochar samples [41]. The peak band at 1159 cm− 1 is associated with C–O stretching vibration in a C–O–P linkage, suggesting that the 
acid modification could result in the formation of cellulose phosphate esters linked to the cellulose main chains [32,42,43]. The in-
tensity of this peak is higher in samples activated with a higher concentration of H3PO4 solution, indicating that the biochar backbone 
and the presented phosphates have been esterified to a greater extent. 

The morphology of the biochar was examined by SEM spectroscopy. As illustrated in Fig. 2, all biochar have similar porous 
structures with surface pores of varying sizes distributed across the surface. The fracture surface of the pristine biochar was clean, with 
sharp edge pores (Fig. 2a). However, the edge became rougher and etched in the acid-modified samples (Fig. 2b–d). During the 
activation process, phosphoric acid preferentially diffused into the outer shells of the adsorbent particles, where it reacted with the 
functional groups of the biochar and volatile matters [44]. Furthermore, the H3PO4 could dissolve soluble volatile matter and 

Fig. 1. FTIR spectra of the activated PKS biochar, treated with 0%, 45%, 65%, and 85% H3PO4.  
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dissociate weakly bonded components (e.g., unstable carbons and volatile compounds) presented on the surface of the biochar. The 
elemental composition of the samples was also determined using EDX analysis, as shown in Fig. 3a–d. The phosphorus (P) and oxygen 
(O) contents of the activated biochar increased trendily with increasing concentrations of the phosphoric acid used in the solution after 
being activated by H3PO4. This could be an indication of the presence of phosphate entities incorporated onto the surface. 

The results of the characterization of the H3PO4-activated PSK biochar show that the adsorbent has microporous structures with 
phosphate functional groups grafted to its surface and is capable of adsorbing the Pb(II) cations, which will be discussed in the 

Fig. 2. SEM micrograph of a) 0% H3PO4 activated biochar, b) 45% H3PO4 activated biochar, c) 65% H3PO4 activated biochar, d) 85% H3PO4 
activated biochar. 

Fig. 3. EDX elemental analysis: a) 0% H3PO4 activated biochar, b) 45% H3PO4 activated biochar, c) 65% H3PO4 activated biochar, d) 85% H3PO4 
activated biochar. 
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adsorption efficiency study. 

3.2. Pb(II) equilibrium speciation 

The effect of pH on lead speciation was predicted from the results obtained from MEDUSA® software [45]. The prediction of the 
specification of Pb in aqueous solutions is illustrated in Fig. 4. The speciation depicted by the software is presumably based on the 
equilibria species in an isolated homogeneous environment. From the diagram, Pb2+ and Pb(OH)+ species are predominant at the 
studied pH of 7. These free Pb(II) cations preferentially compete for active sites that are available on the biochar surfaces on the 
sorption-desorption. The kinetic and isotherm of the adsorption for these free lead cations onto the adsorbent will be discussed later. 

3.3. Adsorption efficiency of Pb(II) removal 

As discussed earlier, treatment of the biochar by H3PO4 led to physical and chemical activation of the adsorbent surface to some 
extent. Fig. 5 shows the effect of the extent of H3PO4 activation of the biochar on the removal efficiency of Pb(II) from an aqueous 
solution. From the results, the adsorption efficiency of the adsorbent typically increased with the extent of chemical modification by 
the phosphoric acid. The adsorbents prepared by using a higher phosphoric acid concentration in the activation process resulted in 
higher removal efficiency. The Pb(II) sorption was promoted by H3PO4, possibly due to phosphate precipitation occurring during the 
ongoing adsorption [46,47], coupled with the formation of the associated Pb(II)-PO4

3- complexes on the biochar surface [48]. Ac-
cording to the FTIR and EDX results, the H3PO4-activated PSK biochar had phosphate moieties grafted onto the particle surface, which 
was able to interact with the Pb(II) cations, resulting in precipitation. In comparison to pristine biochar, the adsorption capacity is 
determined solely by the physical sorption of Pb(II) onto the porous surface of the adsorbent particles and other chemisorption induced 
by associated interactions with the intrinsic functional groups, primarily the carboxylic and hydroxyl groups. The adsorption results 
were in good agreement with the other studies [49–51]. 

Fig. 6a illustrates the effect of the initial concentration of the Pb(II) aqueous solution on the adsorption efficiency of the activated 
biochar with an average size of 250 mm (85% H3PO4 biochar). The adsorption rate was relatively high at the initial stage and then it 
gradually decreased until the equilibrium had been reached, where the removal efficiency tended to reach a plateau at a longer time. At 
a fixed dosage of the adsorbent, the removal efficiency decreased with the increasing initial Pb(II) concentrations. The restricted 
adsorption sites could become saturated after being fully occupied by the adsorbed Pb(II) [49]. The adsorbent was exhausted and could 
no longer adsorb excess lead cations available in the solution [52]. 

Fig. 6b depicts the effect of the initial concentration of the Pb(II) aqueous solution on the adsorption efficiency of the activated 
biochar with an average size of 850 mm (85% H3PO4 biochar). The efficiency of Pb(II) adsorption onto the 85% H3PO4 biochar 
adsorbent was relatively lower than those of the systems with 85% H3PO4 biochar (250 mm) at the same initial solution concentration. 
The adsorption appeared to undergo at a much slower rate when 85% H3PO4 biochar adsorbent with a larger particle size (850 mm) 
was used. As discussed earlier, the BET surface area value of the 85% H3PO4 biochar was lower than that of the 85% H3PO4 biochar. 
The adsorption sites could become limited on the outer surface of the particle. With large particles, the cations would have to diffuse 
through the porous structure inside the particle to reach the active sites where the adsorption took place. 

As shown in Fig. 7, the Pb(II) removal efficiency was higher with an increase in adsorbent dosage in the early stage of the adsorption 
process. However, the Pb (II) removal efficiency was relatively close to 100% at a much longer time at which the equilibrium had 
reached. At higher dosages, the quantity of available active sites on the surface ready for adsorption increased, resulting in improved 
Pb(II) adsorption efficiency. At a longer time; however, the excess Pb(II) ions could be continuously diffusing into the adsorbent porous 
particles and were finally adsorbed onto those intraparticle active sites. 

3.4. Adsorption kinetics 

The kinetics of Pb(II) adsorption onto the biochar was investigated by linear regression analysis of the PFO, PSO, Elovich, and IPD 
kinetic models. The equations in the linearized form of these models are shown in Eqs. (3)–(6), respectively. The kinetic parameters 
were obtained from the slopes and intercepts, generated from the plot of the model equations. 

Fig. 4. Prediction of lead speciation in an aqueous solution generated by MEDUSA® software.  
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PFO model : ln(qe − q)= ln(qe) − k1t (3)  

PSO model :
t
q
=

1
k2q2

e
+

1
qe

t (4)  

Elovich model : q=
1
β

ln(αβ) +
1
β

ln(t) (5)  

IPD model : q= kintt0.5 (6) 

Fig. 8a–d illustrates the regression analysis for the adsorption of Pb(II) onto the untreated (0% H3PO4) biochar and the acid-treated 
(45%, 65%, and 85% H3PO4) biochar. Table 2 summarizes the fitting parameters of the kinetic models described above. The PFO 
model assumes that the rate of adsorption is governed by physisorption in which the adsorption capacity is directly proportional to the 
concentration difference between the value at a given contact time and the equilibrium. Thus, the adsorption rate directly depends on 
the number of unoccupied adsorption sites. From the results, the PFO model was not well fitted to the experimental data for all ad-
sorbents with the R2 values of 0.73 for 0% H3PO4 biochar, 0.93 for 45% H3PO4 biochar, 0.83 for 65% H3PO4 biochar and 0.79 for 85% 

Fig. 5. Pb(II) removal efficiency of the activated biochar activated, treated with 0%, 45%, 65%, and 85% H3PO4.  

Fig. 6. The effect of the initial Pb(II) concentration of the solution on the removal efficiency of the activated biochar a) with an average size of 250 
mm (85% H3PO4biochar), b) with an average size of 850 mm (85% H3PO4 biochar). 

W. Dechapanya and A. Khamwichit                                                                                                                                                                               



Heliyon 9 (2023) e17250

8

H3PO4 biochar, respectively. However, the experimental data fitted well with the PSO model, resulting in R2 values of more than 0.99 
for all adsorbents. The qe values calculated from the regression analysis were very close to those obtained from the experiment. It 
suggested that the PSO model could appropriately describe the adsorption kinetics in which the chemisorption of the lead cations onto 
the biochar might be the rate-controlling mechanism. In addition, further investigation on the assumption of chemisorption onto the 
heterogeneous surface was tested by the Elovich model. Based on the model, α, (mg.g− 1min− 1) is the initial sorption rate, and the β (g. 
mg− 1) is the parameter related to the surface coverage and activation energy of chemisorption. From the results, the Elovich model was 
reasonably fitted to the experimental result with the R2 values of 0.92 (0% H3PO4 biochar), 0.95 (45% H3PO4 biochar), 0.95 (65% 
H3PO4 biochar), and 0.97 (85% H3PO4 biochar), respectively. The initial adsorption rate was relatively high (α = 36.53 mg/g.min) for 
the 85% H3PO4 biochar compared to those of the other adsorbents treated with lower acid concentrations. The results obtained from 
the PSO and Elovich models are in good agreement, suggesting that the chemisorption might be strongly involved in Pb(II) adsorption 
onto the biochar surfaces. From the regression analysis, the IPD model was invalid to describe the adsorption process, giving low R2 

values (0.60–0.90) for all adsorbents. 
Fig. 9a–d depicts the regression analysis for the adsorption of Pb(II) onto 85% H3PO4 biochar with the size of 250 μm, for various 

initial Pb(II) concentrations. The fitting results are summarized in Table 3. The PSO kinetic model gave the best fittings to the 
experimental data (with R2 values greater than 0.99) for all initial concentrations. The calculated qe values for adsorption at different 
initial Pb concentrations were very close to the values obtained from the experiment. The adsorption rate (k2) was likely to decrease 
with the increasing initial concentration. The Elovich model also resulted in reasonably good fittings with R2 values in the range of 0.91 
to 0.94. The results strongly suggested that Pb(II) adsorption onto biochar was chemisorption; however, the adsorption rate was 
affected by the solution’s cation concentration. 

3.5. Adsorption isotherms 

The adsorption isotherms were analyzed to investigate the affinities of the adsorbed Pb(II) towards the activated biochar at the 
equilibrium that could provide insight into involved sorption mechanisms. The equilibrium data (298 K) measured from the adsorption 
of Pb(II) onto 85% H3PO4 biochar (250 μm) with a dosage of 20 g/500 ml solution were fitted into the following linear adsorption 
isotherm equations, including Langmuir (Eqn. (7)), Freundlich (Eqn. (8)), Elovich (Eqn. (9)), Temkin (Eqn. (10)), and Dubinin- 
Radushkevich (Eqn. (11)): 

Langmuir isotherm :
Ce

qe
=

1
qmKL

+
Ce

qm
(7)  

Freundlich isotherm : log(qe)= log(KF) + (1 / n)log(Ce) (8)  

Elovich isotherm : ln
(

qe

Ce

)

= ln(Keqm) −
qe

qm
(9)  

Temkin isotherm : qe =B ln(AT) + B ln(Ce) (10)  

Dubinin − Radushkevich (D − R) isotherm : ln(qe)= ln(qm) − βε2 (11) 

Fig. 7. The effect of adsorbent (85% H3PO4 biochar) dosage on the Pb(II) removal efficiency.  

W. Dechapanya and A. Khamwichit                                                                                                                                                                               



Heliyon 9 (2023) e17250

9

The parameters of the selected isotherms were determined from linear regression analysis. Fig. 10a–e shows the results from linear 
regression analysis of the studied models. Table 4 summarizes the adsorption parameters and the linear regression correlation coef-
ficient (R2) for the adsorption isotherms described above. 

The Langmuir isotherm assumes the monolayer adsorption of the adsorbates onto the homogeneous surface with identical active 
sites takes place with no interaction between the species [53]. With an R2 value of 0.9668, the Langmuir isotherm fitted well to the 
experimental data, giving an equilibrium constant (KL) of 0.1149 L/mg and maximum adsorption capacity (qm) of 0.1717 mg/g. The 
dimensionless separation factor (RL) and surface coverage coefficient (θ) were calculated from Eqs. (12) and (13), respectively. The RL 
value indicates the nature of adsorption equilibrium as follows: favorable isotherm (0 < RL < 1), irreversible isotherm (RL = 0), linear 
isotherm (RL = 1), and unfavorable isotherm (RL > 1) [54]. As illustrated in Fig. 11a, the separation factor (RL) values were less than 
unity for the whole range of initial Pb(II) ion concentrations. From the graph, the RL values decrease toward zero at higher initial 
concentrations, suggesting that the isotherm becomes more favorable and irreversible. The surface coverage coefficient can be pro-
portionally related to the number of occupied adsorption sites at the equilibrium where the monolayer adsorption preferentially 
occurs. From Fig. 11b, the Pb(II) ions were able to get adsorbed onto the adsorbent at a greater surface coverage at higher initial 
concentrations. The higher the initial Pb(II) concentration was presented, the better dispersion for the monolayer adsorption on the 
adsorbent surface would be achieved. As the θ value reached about 0.85 (in the system with C0 = 51.51 mg/L), most of the active sites 
were predominantly occupied by the adsorbed Pb(II) and fewer vacant sites were available for adsorption. 

RL =
1

1 + KLC0
(12) 

Fig. 8. The linear regression analysis of kinetic models a) SFO, b) SSO, Elovich, d) IPD for the adsorption of Pb(II) onto the untreated and H3PO4- 
treated biochars at 25 ◦C. 
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KLC0 =
θ

1 − θ
(13) 

Table 2 
Parameters for kinetic models of Pb(II) adsorption onto the biochar (250 μm).  

Models Adsorbent 

0% H3PO4 biochar 45% H3PO4 biochar 65% H3PO4 biochar 85% H3PO4 biochar 

Experimental qe (mg/g) 0.1938 0.2190 0.2299 0.2549 
PFO 
Calculated k1 (min− 1) 1.01 × 10− 2 8.81 × 10− 3 6.13 × 10− 3 7.68 × 10− 3 

Calculated qe (mg/g) 0.1240 0.1279 0.1319 0.0949 
R2 0.95 0.86 0.88 0.82 
PSO 
k2 (g/mg/min) 0.5123 0.6250 0.8215 1.1305 
Calculated qe (mg/g) 0.1995 0.2218 0.2317 0.2560 
R2 0.99 0.99 0.99 0.99 
Elovich 
α (mg/g.min− 1) 0.1795 0.2787 2.2451 36.7941 
β (g/mg) 37.26 33.67 42.54 49.56 
R2 0.95 0.95 0.97 0.92 
IPD 
kint (mg/g/min0.5) 1.03 × 10− 2 1.10 × 10− 2 8.82 × 10− 3 7.45 × 10− 2 

C (mg/g) 7.29 × 10− 2 9.35 × 10− 2 1.28 × 10− 1 1.10 × 10− 1 

R2 0.96 0.88 0.94 0.86  

Fig. 9. The regression analysis of kinetic models: a) SFO, b) SSO, Elovich, d) IPD for the adsorption of Pb(II) onto the 85% H3PO4 biochar at 25 ◦C 
with different initial Pb(II) concentrations. 
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The Freundlich isotherm, based on multilayer adsorption on a heterogeneous surface [55], was applied to the adsorption fitting 
analysis. The model showed a reasonably good fit with the experimental data with a relatively high R2 (0.9084), and a KF value of 
0.0429 (mg g− 1)(L.mg− 1)1/n. The n value was calculated to be 3.04, suggesting favorable adsorption (1 < n < 10). As the n value is 
closer to zero, the heterogeneity of the adsorption is maximum [56]. From the results, it could be interpreted that the adsorption of the 
Pb(II) ions onto the heterogeneous surface of the 85% H3PO4-activated biochar adsorbent was favorable, and the separation of the 
sorbed species was relatively easy. In addition, the Elovich isotherm was examined to investigate the multilayer adsorption when the 

Table 3 
Parameters for kinetic models of the Pb(II) adsorption from the solution with various initial concentrations.  

Models Initial Pb Concentration (mg/L) 

11.67 19.15 33.77 42.51 51.10 

Experimental qe (mg/g) 0.2549 0.2648 0.3696 0.3339 0.3008 
PFO 
Calculated k1 (min− 1) 8.3 × 10− 3 3.01 × 10− 2 2.64 × 10− 2 2.50 × 10− 2 3.81 × 10− 3 

Calculated qe (mg/g) 0.1018 0.1084 0.1532 0.1688 0.1275 
R2 0.73 0.84 0.83 0.90 0.89 
PSO 
k2 (g/mg/min) 1.1305 1.0833 0.6602 0.4707 0.5619 
Calculated qe (mg/g) 0.2560 0.2624 0.3665 0.3408 0.3119 
R2 0.99 0.99 0.99 0.99 0.99 
Elovich 
α (mg/g.min− 1) 36.52 5.42 15.22 1.09 5.31 
β (g/mg) 49.51 39.37 31.06 25.25 32.57 
R2 0.92 0.93 0.91 0.94 0.94 
IPD 
kint (mg/g/min0.5) 9.80 × 10− 3 1.12 × 10− 2 1.51 × 10− 2 1.72 × 10− 2 1.37 × 10− 2 

C (mg/g) 1.50 × 10− 1 1.43 × 10− 1 2.01 × 10− 1 1.46 × 10− 1 1.66 × 10− 1 

R2 0.60 0.65 0.66 0.80 0.68  

Fig. 10. The linear regression analysis of isotherm models for the adsorption of Pb(II) onto the 85% H3PO4 biochar at 25 ◦C with different initial Pb 
(II) concentrations: a) Langmuir, b) Freundlich, c) Elovich, d) Temkin, and d) Dubinin-Radushkevich (D–R) isotherm. 
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adsorption sites would increase exponentially with adsorption. However, the adsorption data did not fit well with the model with the 
R2 value of 0.7728, giving the calculated qm (0.0651 mg/g) and Ke (0.5354 L/mg), respectively. 

The chemisorption mechanism could be involved to some extent in the adsorption process. The Temkin, D-R isotherm models were 
investigated to provide additional information regarding the interaction between the Pb(II) cations and the H3PO4-activated biochar. 
The model assumes the binding energy of the sorption largely depends on the surface coverage [57]. However, the results show that the 
Temkin model did not fit well with the experimental results with a low R2 value (0.8844). The regression analysis gave the model 
parameter values AT (1.2519 L/mg) and b (67.8787 kJ/mol). The high value of binding energy (b < 8 k J/mol) suggests that the 
chemisorption between the Pb(II) ions and the heterogeneous surface of the activated biochar could take part in the adsorption process 

Table 4 
Isotherm model parameters.  

Adsorption Isotherms Model parameter 

Langmuir 
slope = 1/qm 5.8228 
qm (mg.g− 1) 0.1717 
intercept = 1/qmKL 50.6820 
KL (L.mg− 1) 0.1149 
R2 0.97 
Freundlich 
slope = 1/n 0.3287 
n 3.0423 
intercept = log (KF) − 1.3671 
KF (mg.g− 1)(L.mg− 1)1/n 0.0429 
R2 0.91 
Elovich 
slope = − 1/qm − 15.368 
qm (mg.g− 1) 0.0651 
intercept = ln (Keqm) − 3.3571 
Ke (L.mg− 1) 0.5354 
R2 0.77 
Temkin 
slope = B 0.0365 
intercept = B*ln (AT) 0.0082 
b (kJ.mol− 1) 67.8787 
AT (L.mg− 1) 1.2519 
R2 0.88 
Dubinin-Radushkevich (D-R) 
slope = -β − 5.9347 
β 5.9347 
intercept = ln (qm) − 1.9837 
qm (mg.g− 1) 0.1376 
E (kJ.mol− 1) 0.2903 
R2 0.86  

Fig. 11. Equilibrium Langmuir’s parameter: a) separation factor (RL), b) surface coverage (θ).  
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to some extent. The Dubinin-Radushkevich (D-R) isotherm assumes the adsorption takes place on the heterogeneous and porous 
surface [58]. The D-R model did not fit well with the adsorption data, having a relatively low R2 value (0.8585), the adsorption energy 
coefficient (β) (5.9347 mol2/J2), the theoretical maximum capacity (qm) (0.1376 mg/g), and the activation energy (E) (0.2903 
kJ/mol). 

3.6. Possible adsorption mechanisms 

Pb(II) adsorption from aqueous solutions by biochar-based adsorbents could be controlled by physical and/or chemisorption 
mechanisms [59–62]. In this study, the sorption of Pb(II) onto the H3PO4-activated-PKS biochar could be attributed to several pro-
cesses. Physical adsorption of Pb(II) onto the porous surface, complexation formation with functional groups, and possible phosphate 
precipitation all played important roles in the associated adsorption mechanisms, as shown in Fig. 12. From the characterization 
results, the activated biochar particles contain common carboxylic and hydroxyl functional groups as well as the phosphate linkage 
caused by the acid activation. As the sorption progressed, free Pb(II) diffused from the aqueous phase through the transport-resistant 
films and later became into contact with the reactive sites presented on the surface of the biochar particle. The Pb(II) could elec-
trochemically interact with available carboxylic (-COOH) and hydroxyl (-OH) functional groups, resulting in functional group 
complexation [63]. Furthermore, the cations would be competitively precipitated with the PO4

3− bonded on the heterogeneous surface 
of the phosphoric acid-activated PKS biochar [64]. Physical sorption may also occur concurrently, most likely on the outer wetted shell 
surrounding the porous adsorbent particles. However, the kinetic analysis strongly suggested that these chemisorptions were the 
rate-controlling step in the ongoing adsorption. When a low concentration of Pb(II) in the solution was present, the rate of adsorption 
appeared relatively fast, possibly due to less interference between neighboring molecules. The sorption proceeded until the process 
reached equilibrium, at which point the adsorbed Pb(II) monolayers formed on the heterogeneous surface of the particles. 

4. Conclusions 

The H3PO4-activated PKS biochar has shown great promise as a biosorbent for removing lead from contaminated wastewater. 
Chemical activation by phosphoric acid could potentially improve Pb(II) sorption by introducing phosphate precipitation during the 
adsorption process. Under the study conditions, the PKS biochar activated by 85% H3PO4 aqueous solution had the highest Pb(II) 
removal efficiency. The kinetic analysis revealed that the PSO model fit the experimental data well, implying that chemisorption was 
likely involved in the adsorption of Pb(II) onto the activated PKS adsorbent. The Langmuir isotherm best described the monolayer 
sorption of Pb(II) onto the heterogeneous active sites available at the adsorbent surface at equilibrium, with a maximum adsorption 
capacity qm of 171.7 μg/g. 

PSK biochar can be produced on a large scale economically using today’s technologies and environmentally friendly methods. PSK 
biochar can be produced on a large scale economically using today’s technologies and environmentally friendly methods. The results of 
this study demonstrated that a simple two-step activation at low temperatures could improve the Pb(II) sorption capability of PKS 
biochar. This approach could become attractive and widely used for the production of environmentally friendly biosorbents from 
abundant biomass wastes. 
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