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Abstract 

There is now increasing interest in the creation of a more ‘circular economy’, with a 

particular aim to eliminate waste - by design, within whom the products are optimised to 

be reused, restored or returned. Here, a sulphur functionalised microporous biochar was 

synthesised from an abundant biomass waste material (cherry kernels), for the selective 

removal of Pb(II) from landfill leachate as a representative heavy metal. Production 

processes utilise renewable waste material sources and remove toxic chemicals. 

Characterisation of the biochar showed that pyrolysis and functionalisation formed an 

adsorbent with a microporous structure and rich surface chemical functionality. The 

adsorption process was optimised using a ‘response surface methodology – Box-Behnken 

Design’. Lead removal efficiency approached 99.9% under optimised experimental 

conditions, i.e., where the solution pH was 6.0, the biochar dose was 4.0 g/L and the 

contact time was 47 min. The adsorption process was best described using a Freundlich 

model. The maximum amount of Pb(II) adsorbed was 44.92 mg/g. The main adsorption 

mechanisms occurred through outer-sphere (electrostatic attraction) and inner-sphere 

complexation. Desorption studies showed that three successful regeneration cycles (with 

acidic deionised water) obtained during the biochar washing post pyrolysis. The biochar 

removed 97% of Pb(II) from landfill leachate samples, as compared to 9.4%, and 7.6% 

for two commercial activated carbon adsorbents. These findings demonstrate the high 

selectivity of this biochar towards Pb(II) and its applicability even in the presence of high 

concentrations of many potentially interfering inorganic and organic ions and 

compounds. 
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1. Introduction 

In many countries the vast majority of municipal solid waste is disposed of in landfills as 

this disposal route is technologically simple and relatively low cost (Bashir et al., 2010). 

The liquid leachate produced from these sites then (ideally) needs to be managed, 

contained and/or treated long-term (Foo et al., 2013a). Leachate can be defined as the 

liquid resulting from (a) rainwater ingress into the landfill (b) the moisture content 

inherent to the waste itself and (c) groundwater ingression. Leachates will commonly 

contain significant amounts of hazardous substances depending on the age of the landfill 

and its intake waste streams. Hazardous compounds in leachate can include persistent 

organic pollutants (POPs), heavy metals and emerging organic micropollutants. 

Leachates also commonly have high chemical oxygen demand (COD), 

suspended/dissolved solid loads, ammonia, phosphorous, nitrogen, carbon, inorganic 

salts and heavy metals (Aziz et al., 2011).  

Lead is a toxicant for which there is no recognised ‘safe’ intake level for biota. Ingestion 

by humans can cause acute and chronic effects through damage to the nervous system, 

brain, kidneys, liver, reproductive system and depletion in haemoglobin formation (Pap 

et al., 2016). The ‘permissible’ level for lead in drinking water is currently set at 15 µg/L 

and 10 µg/L according to the US Environmental Protect Agency (EPA) and World Health 

Organisation (WHO), respectively (Xue et al., 2019). Landfill leachate can be a 

significant source of lead pollution in surface and groundwater (Foo et al., 2013b). 

Depending on the landfill age the leachate can be classified as young (<5 years), 
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intermediate (5-10 years), and stabilised (>10 years). The concentration of heavy metals 

is general higher in young leachate and lower in later stage (e.g., in intermediate and 

stabilised leachate) due to the decreasing solubility of many ions with increasing pH. 

However, lead is an exception, since it forms very stable complexes with the humic acids 

(Bhalla et al., 2013). The worldwide reported concentration range of lead in leachate 

varying from low µg/L up to mg/L (Brennan et al., 2016). Thus, many pre-treatment and 

combined treatment methods have been applied, including physico-chemical (e.g., 

chemical precipitation and oxidation, flotation, ion exchange, ammonia stripping, 

coagulation-flocculation, adsorption etc.), biological (e.g., trickling filter, activated 

sludge process, sequential batch (S-B) reactor etc.), membrane process, phytoremediation 

like constructed wetland method (Azmi et al., 2016; Peng, 2017; Renou et al., 2008).  

Adsorption (using a range of adsorbents) has been reported as an effective method to 

remove heavy metals from landfill leachate (Souza et al., 2018; Tang et al., 2019; Xue et 

al., 2019). This process has certain advantages over alternative methods, such as the 

absence of reaction by-product generation, its wide applicability, ease of use/maintenance 

and fast kinetics (Paunovic et al., 2019). Leachate is however a complex matrix, where 

interactions between the different pollutants present within the liquid phase can impact 

adsorption behaviour and efficiency. Therefore, there is a need to consider adsorption 

under realistic conditions, using real landfill leachate (Modin et al., 2011). Additionally, 

the use of agricultural/industrial by-products and waste biomass (in this study, cherry 

kernels) as a source material for adsorbent synthesis can reduce treatment costs. In many 

parts of the world, fruit kernels (peach, plum, cherry, etc.) are a significant waste by-

product for the food and drinks industry. In 2017, according to the “Food and Agriculture 

Organisation Corporate Statistical Database”, cherry production alone was >3.6 million 



5 

tons worldwide (Fig. S1), within which kernel mass is ~20% of the total weight of the 

fruit, hence >700,000 tons of adsorbent precursor could be available solely from this 

source, annually.  

Since co-treatment of leachate with domestic wastewater is a cost-benefit and convenient 

approach, this also could become problematic due to the refractory organic matter 

(expressed as COD) and other toxic compounds (e.g., heavy metals), which may interrupt 

biological processes through the wastewater treatment plant. Therefore, this research was 

undertaken to explore the adsorptive treatment of Pb(II) (and COD) in landfill leachate, 

using a sulphur-doped microporous biochar prepared from waste cherry kernels through 

thermo-chemical functionalisation. As this methodology makes use of waste from 

industry (which would potentially be disposed of in landfill) and converts it into a value 

added product (applied here to treat hazardous landfill leachate), this approach is 

consistent with the principle of a more ‘circular economy’. Therein, waste materials are 

efficiently re-used and/or recycled to extract the maximum value from them whilst 

minimising waste and resource consumption (Rae et al., 2019). The specific objectives 

of this study were as follows: (I) to synthesise/characterise a novel microporous biochar; 

(II) to optimise the efficiency of the biochar for Pb(II) removal from aqueous solutions 

using a response surface methodology; (III) to discuss the adsorption mechanisms at play, 

through isotherm, kinetic, desorption and characterisation studies; (IV) to assess the 

selectivity of the biochar towards Pb(II), and compare this to commercial activated 

carbons as applied to real landfill leachate.  

Lead is a highly toxic metal, listed as a priority substance within the EU Water 

Framework Directive. Removal of lead from water is often challenging and expensive, 

however removal from landfill leachate is even more challenging, due to the complexity 
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of this matrix. The novelty of this research lies in the simple synthesis of a sulphur-doped 

microporous biochar (from an abundant biomass waste material) and its highly selective 

nature when applied to a heavily polluted, multicomponent waste stream such as landfill 

leachate. Reusability of the biochar is also considered, as a significant contribution to the 

circular economy which is within reach if the waste management grasp the opportunity. 

 

2. Material and Methods 

2.1 Raw materials and commercial adsorbents 

Cherry kernels were obtained from Novi Bečej, Serbia; this material has no practical use 

or market price. When separated from the fruit, they are collected and transported to a 

landfill. 

Two commercial activated carbons (AC), Hydrodarco C and Norit SA2 (Sigma Aldrich) 

were used as commercial adsorbents for comparison (Table S1). The AC Hydrodarco C 

is a powdered material with a mesh pore structure and a particle size of 1-150 μm; it is 

obtained from lignite, after activation using water vapour. AC Norit SA2 is produced 

from peat using steam activation and has a particle size of 50 µm. 

2.2. Leachate sampling and characterisation 

Leachate samples were collected from a municipal landfill site in the eastern region of 

Bosnia and Herzegovina. Samples were collected from the on-site leachate treatment 

facility, after neutralisation but before reverse osmosis. A 6 L plastic container was filled 

with leachate before transport to the laboratory where it was stored in darkness at 4 ºC. 

The characteristics of the leachate sample are presented in Table S2. Chemical analysis 
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was performed according to Standard Methods for the Examination of Water and 

Wastewater and Standard EPA methods (APHA, 2005). 

2.3. Preparation of biochar 

A simple thermochemical method was used to synthesise the biochar. The procedure has 

been described in detail in our previous work (Pap et al., 2018). Briefly, washed and 

milled cherry kernels were immersed and functionalised in 50% w/v H2SO4 and 

subsequently pyrolysed at 500 °C. After the thermochemical treatment, the biochar was 

washed with deionised water (EASYpure® II, 18.2 MΩ) and dried for 2 h at 105 °C. In 

later adsorption experiments the sieved biochar fractions (≤150 μm) were used; and the 

biochar is abbreviated here as ‘CSuA’. A synthesis schematic for the CSuA (with 

proposed functional groups) is shown in Fig. 1. 

 

Fig. 1. Schematic illustration of the functional groups likely incorporated into the CSuA 

after functionalisation and pyrolysis 

2.4. Experimental design with Response Surface Methodology 
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Response surface methodology (RSM) – Box-Behnken Design (BBD) was used to 

optimise process variables and operating conditions for the experiments (Das and Mishra, 

2017).  

The total number of experimental trials (N) needed were specified using Minitab, Version 

15.0 (Minitab Inc., Pennsylvania, USA) and SigmaPlot (Systat Software Inc. US). N is 

calculated using the following Eq. (1): 

𝑁 = 2𝑘(𝑘 − 1) + 𝐶0 = 2 ∙ 3 ∙ (3 − 1) + 5 = 17                                                                                (1) 

Where k is the number of factors and C0 is the number of central points. From the above 

equation, the full factorial BBD for three variables consisted of 12 factorial points and 

five replicates at the centre point, for a total of 17 experiments. The five replicate 

experiments at the centre point were used to estimate the experimental error and the 

repeatability of the data. The independent variables were coded to the (−1, 1) interval, 

where the low and high levels are coded as −1 and +1, respectively. The variables were 

coded as follows: pH (2.0-6.0) (X1), adsorbent dose (0.5-10.0 g/L) (X2) and contact time 

(5-60 min) (X3). The removal efficiency for Pb(II) (Y) was taken as the process response. 

The removal efficiency (Y) is correlated to the independent variables using the following 

second order polynomial model, as a function of independent variables expressed in Eq. 

(2): 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖 + ∑ 𝛽𝑖𝑖(𝑥𝑖)2 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗                                                      (2)
𝑘

𝑗=2

𝑘−1

𝑖=1

𝑘

𝑖=1

𝑘

𝑖=1
 

Where β0, βi; βii; βij are the regression coefficients (β0 is a constant term which 

corresponds to the response when the value of xi is zero for each parameter, βi is the linear 

effect term, βii is the square effect term, βij is the interactive effect term); xi and xj are the 

variables that represent the important parameters affecting the characteristic of the 

process being carried out. In addition, ANOVA was used to estimate the statistical 
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significance of the main effects and interactions, coefficients and residuals, which 

provides an overall summary for the full model (Lam et al., 2017). 

2.5. Adsorption study 

A series of batch tests optimised using BBD were performed. Defined amounts of CSuA 

were agitated in 50 mL of solution in 150 mL Erlenmeyer flasks, at 140 rpm on a 

Heidolph Unimax 1010 (Heidolph, Germany) mechanical shaker at 22 °C. The initial 

Pb(II) concentration was 50 mg/L (prepared using lead nitrate (Pb (NO3)2 dissolved in 

water) for all optimisation experiments. The effect of solution pH, biochar dose and 

contact time on Pb(II) removal efficiency were determined during optimisation. Table S3 

shows the highest and lowest values of the variables. The pH values were adjusted using 

0.1 mol/L HCl or 0.1 mol/L NH4OH solutions (Fisher Scientific, USA). All chemicals 

and reagents used were analytical grade. All samples were filtered with Macherey-Nagel 

filter paper (MN 640m) before determination of residual Pb(II) concentration by flame 

atomic absorption spectrometry (FAAS, Thermo Scientific S Series). 

The percentage (R - %) and amount (qe – mg/g) of Pb(II) adsorbed, were determined 

(respectively), using the Eqs. given below: 

𝑅 =
𝐶0 − 𝐶e

𝐶0
∙ 100                                                                                                                                       (3) 

𝑞e =
(𝐶0 − 𝐶e)

𝑚
∙ 𝑉                                                                                                                                      (4) 

Where C0 and Ce are the initial Pb(II) and residual Pb(II) concentrations (mg/L), 

respectively, V is the volume of working solution (L) and m is the mass of the adsorbent 

(g).  

Kinetic experiments were conducted by varying contact time from 5 to 60 min with initial 

concentrations of 50 mg/L and pH 6.0; 4.0 g/L of CSuA was used in a 50 mL sample 



10 

volume. Pseudo-first order – PFO (Eq. (5)) (Lagergren, 1898), pseudo-second order – 

PSO (Eq. (6)) (Blanchard et al., 1984), Elovich (Eq. (7)) (Roginsky and Zeldovich, 1934) 

and Weber-Morris (WM) intraparticle diffusion (Eq. (8)) (Weber and Morris, 1963) 

models were used to describe the time-dependent adsorption: 

𝑞t = 𝑞e(1 − 𝑒−𝑘1𝑡)                                                                                                                      (5) 

𝑞t =
𝑘2𝑞e

2𝑡

1 + 𝑘2𝑞e𝑡
                                                                                                                             (6) 

𝑞t =
1

𝛽
ln(1 + 𝛼𝛽𝑡)                                                                                                                      (7) 

𝑞t = 𝑘i𝑡
1/2 + 𝐶                                                                                                                             (8) 

Where qe (mg/g) and qt (mg/g) were the amount of Pb(II) adsorbed at equilibrium and at 

time t (min). k1, k2 and ki are rate constants for the PFO (min-1), PSO (g/mg min) and WM 

intraparticle diffusion models (mg/g min1/2), respectively. α (mg/g min) is the initial rate 

constant, while β (mg/g) is the desorption constant. C (mg/g) is a constant proportional 

to the thickness of the boundary layer. 

Isotherm experiments were carried out with the initial Pb(II) concentration ranging from 

5 to 300 mg/L, using 4.0 g/L CSuA, 50 mL of solution, 30 min contact time, with pH 

controlled at 6. Four isotherm models, Langmuir (Eq. (9)) (Langmuir, 1918), Freundlich 

(Eq. (10)) (Freundlich, 1907), Temkin (Eq. (11)) (Tempkin and Pyzhev, 1940) and 

Dubinin-Radushkevich (D-R - Eq. (12 and 13)) (Redlich and Peterson, 1959) were 

applied to the experimental data: 

𝑞e =
𝑞max𝐾L𝐶e

1 + 𝐾L𝐶e
                                                                                                                             (9) 

𝑞e = 𝐾F𝐶e
1/n

                                                                                                                                (10) 

𝑞e =
𝑅𝑇

𝐵T
ln𝐴𝑇𝐶𝑒                                                                                                                          (11) 
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𝑞e = 𝑞𝐷𝑅𝑒
(−𝐾𝐷𝑅(𝑅𝑇𝑙𝑛(1+

1
𝐶𝑒

))

2

)
                                                                                                (12) 

𝐸 =
1

√2𝐾𝐷𝑅

                                                                                                                                (13) 

Where Ce is the equilibrium concentration of Pb(II), and KL and KF are the Langmuir 

(L/mg) and Freundlich ((mg/g)/(mg/L)1/n) constants, respectively. qmax denotes the 

predicted maximum adsorption capacity (mg/g), where AT is the equilibrium binding 

constant (L/mg), corresponding to the maximum binding energy, and constant BT is 

related to the heat of adsorption (J/mol). KDR is a constant related to the adsorption energy 

(mol2/kJ2), ε is the Polanyi potential, E is the mean adsorption energy (kJ/mol), R is the 

universal gas constant, T is temperature (K). 

Pb(II) desorption experiments were conducted by first adding 4.0 g/L of adsorbent into 

50 mL of 50 mg/L Pb(II) solution, then shaking for 30 min. The Pb(II)-loaded CSuA was 

then separated from the suspension by centrifugation at 3000 rpm for 10 min. The Pb(II)-

laden CSuA was then desorbed using low pH deionised water (pH<2.0) – using a 

liquid:solid ratio of 250 mL/g (i.e., 0.2 g in 50 mL of eluent) at 22 °C. A low pH deionised 

water was produced as an excess stream during the biochar washing process, after 

functionalisation/pyrolysis at 500 °C. After a 1 h contact time, eluent supernatant was 

removed and the Pb(II) concentration determined. The CSuA was reused in three repeated 

adsorption-desorption cycles. The desorption efficiency (dE (%)) was calculated using the 

following equation: 

𝑑E =
𝑞d

𝑞a
∙ 100                                                                                                                             (14) 

Where qd (mg/g) is the amount of Pb(II) desorbed and qa (mg/g) is the adsorption capacity. 
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Beside correlation coefficients, statistical analysis was performed using the nonlinear chi-

square test (χ2) to evaluate the best fit for models to the experimental data (Foo and 

Hameed, 2010). 

2.6. Characterisation of biochar before and after the adsorption 

The point of zero charge (pHpzc) of the biochar was determined using the pH ‘drift’ 

method (Fiol and Villaescusa, 2009). The structure and surface morphology of the CSuA 

was characterised by scanning electron microscopy (JSM 6460LV, USA). Energy 

dispersive X-ray spectroscopy (EDX) analysis was performed to assess the elemental 

composition of the synthesised biochar before and after adsorption. Specific surface area 

(SBET) and textural properties (of the CSuA) were examined using a surface area analyser 

(Quantachrome Autosorb iQ, USA). Functional groups present on the surface of the 

biochar were determined using Fourier transform infrared spectroscopy (Nexus 670, 

Thermo Nicolet, USA) within the 400 and 4000 cm-1 regions. 

2.7. Comparison between adsorption performance using CSuA and commercial ACs with 

landfill leachate samples 

Leachate samples spiked with Pb(II) were used to assess the effectiveness and selectivity 

of the CSuA against two commercial ACs. The adsorptive uptake was evaluated (at 

optimal conditions) by varying the Norit SA2, Hydrodarco C and CSuA dosage between 

2.0 g/L and 4.0 g/L (optimal), using a set of 150 mL conical flasks and 100 mL of leachate 

solution. The mixture was agitated at 22 ºC for 47 min (optimal) at an agitation speed of 

140 rpm at pH 6.0. 

3. Results and discussion  

3.1. Experimental design results 
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The BBD matrix for observed and predicted Pb(II) removal efficiency is shown in Table 

S4. 

The final quadratic equation for Pb(II) adsorption is given in Eq. (15).  

𝑌 = 88.7 + 40.56𝑋1 + 4.47𝑋2 − 0.82𝑋3 − 2.54𝑋1
2 − 0.47𝑋2

2 − 0.01𝑋3
2 + 0.05𝑋2𝑋3        (15)  

Where X1, X2 and X3 are the coded terms for the three variables selected, while a positive 

sign in front of the terms shows a synergistic effect, whereas a negative sign shows an 

antagonistic effect. According to Table S4, the best predicted value (maximum removal 

efficiency) obtained was ~100% at pH = 6.0, with a biochar dose of 5.0 g/L and a contact 

time of 60 min. The adequacy and coefficients of the model were further justified through 

analysis of variance (ANOVA) (Table 1). Additionally, correlation coefficients (R2) and 

a standard deviation (SD) were estimated. The correlation coefficient was R2 = 0.99. The 

‘pred. R2’ of 0.82 was in reasonable agreement with the ‘adj. R2’ of 0.97. The correlation 

between the experimental and predicted responses for CSuA are shown in Fig. S2, which 

also indicates an excellent relationship between the data. 

Table 1 

ANOVA results for the response surface model for Pb(II) removal efficiency 

Source Sum of 

squares 

Degree of 

freedom 

Mean square F-value p-Value prob. 

> F 

Removal efficiency (R2 = 0.99, adj. R2 = 0.97, pred. R2 = 0.82, SD = 5.57) 

Model 17950.9 9 1994.5 64.37 0.000s 

X1 15051.1 1 15051.1 485.73 0.000s 

X2 746.7 1 746.7 24.10 0.002s 

X3  368.7 1 368.7 11.90 0.011s 

X1
2 433.8 1 433.8 14.00 0.007s 
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X2
2 467.1 1 467.1 15.08 0.006s 

X3
2 504.2 1 504.2 16.27 0.005s 

X1X2 11.4 1 11.4 0.37 0.563n 

X1X3 2.8 1 2.8 0.09 0.772n 

X2X3 199.9 1 199.9 6.45 0.039s 

Residual 216.9 7 31.0 - - 

Lack of fit 207.5 3 69.2 29.49 0.003 

Pure error 9.4 4 2.3 - - 

Cor total 18167.8 16 - - - 

s Significant at p < 0.05. 

n Not significant at p > 0.05 

The significance of each coefficient was determined from the F- and p-values. The model 

and corresponding variables were considered significant when the F-values were high, 

and the p-value was <0.05 (Zhang et al., 2017). The significance order for the independent 

variables was X1 > X2 > X3. Additionally, X1
2, X2

2
, X3

2 and X2 X3 were found to be 

significant factors. The rest of the model terms (with p-values higher than 0.05), were 

classified as non-significant. In addition, the variables X1 and X2 shows a synergetic 

relationship with Pb(II) removal. The Lack of fit F-value of 29.49 implied that the lack 

of fit was significant; there is only a 0.3% chance that a Lack of fit F-value this large 

could occur due to noise. 

3.2. Effects of interactive variables and optimisation study 

The contour and 3D surface plots showing the relationship between removal efficiency 

and the variables within the process are shown in Fig. 2a-f. The effect of pH, in 

combination with the other two variables, was demonstrated in Fig. 2a-d. Among the 

three parameters studied, the effects of solution pH was the most dominant on Pb(II) 

adsorption efficiency. In each case, with increasing pH, removal efficiency increases. pH 



15 

determines the nature and the concentration of the Pb(II) species, the surface 

characteristics of the biochar (Lam et al., 2019). This can be explained on the basis of less 

competition between positively charged H+ and Pb(II) as pH increases. This could suggest 

that outer-sphere complexation (electrostatic attraction) and inner-sphere complexation 

(ligand exchange) are dominant mechanisms during adsorption (Xiao et al., 2018). This 

was also supported by the pHpzc value of 4.2 for CSuA. At a higher pH values than this, 

the negatively charged surface favours the bonding of cationic metals (Jung et al., 2013). 
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Fig. 2. Contour plots and 3D response surface plots for the effects of pH and biochar 

dose (a-b), pH and contact time (c-d) and biochar dose and contact time (e-f) on 

adsorption of Pb(II) (with initial concentration: 50  mg/L; rotation speed: 140 rpm; 

temperature: 22 °C; solution volume: 50 mL). 

The interaction effect between biochar dosage and contact time was moderate. From Fig. 

2e-f, it is clear that adsorption efficiency increased when biochar dose and contact time 

increased. Such a trend is expected because as the biochar dose increases the number of 

active sites increases and thus more Pb(II) attaches to the biochar surface. Additionally, 

as the contact time increases, the more chance there is that Pb(II) comes into contact with 

binding sites. Additionally, the large number of active sites resulted in a fast adsorption 

rate initially, which was mainly governed by the concentration gradient from the bulk 

liquid to the surface. These trends are comparable with the findings of Van Thuan et al. 

(Van Thuan et al., 2017) and Sharifpour et al. (Sharifpour et al., 2018), who reported that 

the adsorption of the Cu(II), Ni(II) and Pb(II) (onto different carbonaceous adsorbents) 

follows a similar pattern. 
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In order to achieve maximum removal efficiency, variables were set within the range 

determined during the optimisation process. The model predicted 99.9% removal of 

Pb(II) with a composite desirability score of 1.0, as shown in Fig. S3. The calculated 

optimal values for the independent variables were: X1 = 6.0 (pH), X2 = 4.0 g/L, and X3 = 

47 min, to achieve maximal Pb(II) removal (compared to pH = 6.0, biochar dose 5.0 g/L 

and contact time 60 min, from the experimental design). With optimisation the adsorbent 

mass and contact time were reduced, while removal efficiency was maintained (at 

~100%). The corresponding experimental value for Pb(II) removal under the optimum 

conditions (verification experiment) was 99.7%, very close to the optimised value 

(99.9%). The optimised process parameters could be useful as benchmark in the future 

commercial implementation of biochars in leachate treatment. Owing to the promising 

features (e.g., high selectivity and short process time) this technology could be developed 

into an upgraded-dynamic scale for application on-site (Yek et al., 2019). 

3.3. BET and SEM-EDX analysis 

BET analysis (Table S5) indicated that the synthesised biochar had a wide pore 

distribution (with meso- and micropores) and relatively high surface area (SBET = 135.7 

m2/g). Additionally, SEM analysis (Fig. 3a), shows that the CSuA had an extremely 

porous structure, which corroborates the BET analysis. The CSuA possessed numerous 

pores that were densely distributed across its surface. The microporous volume of the 

CSuA was 0.056 cm3/g, with a mesopore volume of 0.049 cm3/g and total pore volume 

of 0.120 cm3/g. These results confirmed a micropore dominated structure. High surface 

area and pore volume increases the number of active sites and accelerates mass transfer 

of ions between biochar pores, improving adsorption capacity (Pap et al., 2018). 
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The surface morphology of the CSuA before and after adsorption is shown on Figs. 3a 

and 3c. The presence of Pb in the EDX spectrum provides direct evidence of adsorption 

of Pb onto the surface of CSuA (Fig. 3b and 3d).  
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Fig. 3. SEM micrograph with 500x magnification before adsorption (a), EDX before 

adsorption (b), SEM micrograph with 5000x magnification after adsorption (c), EDX 

after adsorption (d) and FTIR spectrum of CSuA before and after adsorption (e) (Note: 

CSuA after adsorption represents the saturated CSuA after adsorption using Pb(II) 

initial concentration of 50 mg/L at pH 6.0). 

3.4. Adsorption mechanism analysis 

Examination of the FTIR spectra before and after adsorption of Pb(II) revealed a number 

of changes (Fig. 3e). Before adsorption, the broad peak at 3407.34 cm-1 was indicative of 

hydrogen bonded hydroxyl groups (–OH). The peaks at 2922.42 and 2852.00 cm-1 were 

assigned to -CH stretching. The peak at 1695.72 cm-1 was assigned to a carbonyl group 

(ketone, aldehyde, amide or chelated acid). The spectra also indicated adsorption at 

1590.47 cm−1, which is consistent with aromatic C=C bending. The peak at 1232.05 cm−1 

is consistent with the presence of an ether, ν (C‒O‒C) vibration. The spectra also show 
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vibrational bands at around 900–800 cm-1 and 750–600 cm-1, assigned to symmetric 

stretching vibrations of SO2 and symmetric stretching vibration of S–O groups within 

aromatic compounds, respectively, confirming the presence of surface S complexes 

(Gerçel et al., 2007; Olivares-Marín et al., 2012; Soliman et al., 2016). 

Changes in the FTIR spectra (and therefore the chemical environment of the functional 

groups present) were visible after Pb(II) adsorption (Fig. 3e). The peaks associated with 

aromatic C, carbonyl, hydroxyl and S-containing groups changed after Pb(II) adsorption, 

suggesting adsorption mechanisms through inner-sphere and outer-sphere complexation 

(electrostatic attraction). The negative charge on the surface of the CSuA increased when 

the oxygen- and sulphur-containing functional groups became deprotonated at pH 6.0, 

favouring electrostatic attraction with positively charged Pb(II) ions. Also, 

metal(Pb)−sulphur chemical complexation (confirmed on FTIR) suggests that the 

adsorption process relied (in part) on inner-sphere complexes (Yang et al., 2019). 

Namely, after Pb(II) adsorption, the low-intensity peaks (900-600 cm-1) shifted or 

disappeared, indicating that S-containing groups participated remarkably in Pb(II) 

adsorption in the presence of oxygen to form metal(Pb)–sulphur (e.g., PbSO4) on the 

CSuA surface (Khan et al., 2020). 

To gain more insight into the adsorption mechanisms at play here, kinetic and isotherm 

studies were conducted. The kinetic behaviour of Pb(II) adsorption onto the CSuA is 

shown in Fig. 4a. In general, Pb(II) adsorbed quickly, within the first 20 min, which may 

be attributed to external surface adsorption (made possible by the rich chemical 

functionality at the surface of the CSuA). A slower adsorption stage followed, with likely 

diffusion into the meso and micropores (intraparticle diffusion and interactions on the 

interior biochar surface) with equilibrium reached after ~45 min. The rate of adsorption 
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of Pb(II) by this CSuA was more rapid than reported for biochars derived from potassium-

rich biomass (Ahmad et al., 2018), anaerobically digested biomass (Inyang et al., 2012) 

and aerobically composted swine manure (Liang et al., 2017).  

The fitted results are displayed in Fig. 4a; while the calculated kinetic model parameter 

values, correlation coefficients and nonlinear χ2 values are presented in Table 2. 

Comparison of the three reaction kinetic models (high R2 and low χ2) showed that the 

adsorption of Pb(II) onto CSuA was jointly controlled through multiple mechanisms 

(diffusion and physico-chemical interaction) as described above, not just mass-transfer 

(in a first-order reaction). Additionally, calculated adsorption capacities (qt,cal (mg/g)) for 

the PFO and PSO models were close to the experimental value (qt,exp (mg/g)) (Table 2), 

showing good overlap between experimental and fitted results. The kinetic behaviour of 

Pb(II) pointed towards complex adsorption governed by the concentration gradient 

(diffusion) and the heterogeneous biochar surface (Y S Ho and McKay, 1998; Y. S. Ho 

and McKay, 1998). The sulphur-doped carbon structures not only hold a relatively 

complete sp2-hybridised plane with a high affinity to aromatic pollutants in water, but 

also have sulfonic acid groups and partial original O-containing groups that exhibit fast 

adsorption kinetic rate and high adsorption capacity towards aqueous Pb(II) (Yang et al., 

2019). Similar reports could also be found in the literature (Abdelhafez and Li, 2016; Li 

et al., 2017; Shen and Chen, 2015). 
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Fig. 4. Lead adsorption kinetics and fit with reaction kinetic models (a); fitting for WB 

intraparticle diffusion model (b); adsorption equilibrium and fitting to isotherm models 

(c); desorption study (d) - (initial concentration: 5–300  mg/L; pH 6.0; contact time: 5-

60 min; dose of adsorbent: 4.0 g/L; rotation speed: 140 rpm; temperature: 22 °C; 

solution volume: 50 mL - Note: the data (n = 3) are represented as mean ± standard 

error). 

Table 2 

Kinetic parameters for the adsorption of Pb(II) onto CSuA 

CSuA Pb(II) 



23 

qt,exp (mg/g) 12.31 

Pseudo-first order model qt,cal (mg/g) 12.21 

k1 (min-1) 0.22 

R2 0.99 

χ2 0.01 

Pseudo-second order model qt,cal (mg/g) 13.12 

k2 (g/mg min) 0.03 

t1/2 (min) 2.47 

R2 0.99 

χ2 0.10 

Elovich model α (mg/g min) 210.27 

β (mg/g) 0.70 

R2 0.98 

χ2 0.39 

WB intraparticle diffusion 

model 

ki1 (mg/g min1/2) 3.74 

ki2 (mg/g min1/2) 1.01 

k3 (mg/g min1/2) 0.05 

C1 (mg/g) 0.01 

C2 (mg/g) 7.61 

C3 (mg/g) 11.95 

(R1)2 0.99 

(R2)2 0.93 

(R3)2 0.97 

The three-stage curve of qt vs t1/2 for the intraparticle diffusion kinetic model (Fig. 4b) 

reveals a multi-step process. The first part corresponds to the diffusion of Pb(II) from the 

bulk solution, through the boundary layer to the external surface of the CSuA (film 

diffusion – surface adsorption), while the second section represents the diffusion of Pb(II) 

into the pores of CSuA (intraparticle diffusion). The third portion represents the process 
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approaching equilibrium (when the rate of adsorption equals the rate of desorption) with 

simultaneous reduction of the exterior and interior active sites. Table 2 shows the 

parameters for the three stages. The rate constant ki1 was higher than ki2 and ki3, and Ci3 

was larger than Ci2 and Ci1 suggesting that the rate of Pb(II) removal was faster due to the 

high concentration gradient and weak boundary layer effect at the beginning of the 

experiment (e.g., good mixing) (Liang et al., 2017).  

Table 3 

Isotherm constants for Pb(II) adsorption onto CSuA 

Compound Pb(II) 

qmax,exp (mg/g) 44.92 

Langmuir isotherm qmax (mg/g) 69.75 

KL (L/mg) 0.01 

R2 0.98 

χ2 6.65 

Freundlich isotherm KF ((mg/g)/(mg/L)n) 2.54 

1/n 0.59 

R2 0.99 

χ2 2.11 

Temkin isotherm A (L/mg) 2.54 

B (J/mol) 420.69 

R2 0.76 

χ2 65.14 

Dubinin-Radushkevich 

isotherm 

qDR (mg/g) 39.02 

KDR (mol2/kJ2) (10-5) 6.12 

E (kJ/mol) 0.09 

R2 0.88 

χ2 32.73 
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Fig. 4c shows plots the non-linear forms of these models calculated according to the 

corresponding equations using the Levenberg–Marquardt method. The correlation 

coefficients with nonlinear χ2 values and model constants are summarised in Table 3.  

The amount of adsorbed Pb(II) on CSuA increases with increasing initial concentration, 

which confirms the good adsorption performance of the CSuA. For the Langmuir 

isotherm model, the correlation coefficient (R2 = 0.98) is lower than for the Freundlich 

model (R2 = 0.99). This suggests that the Pb(II) may bind to the heterogenic surface and 

form a multilayer (Zhou et al., 2017). The constant n of the Freundlich model is an 

indicator of the strength of the adsorption process. The higher the value of 1/n, the more 

adsorptive potential the biochar has. The value of 1/n here was 0.59, confirming its high 

adsorption capacity. From Table 3, the experimental maximum adsorption capacity was 

44.92 mg/g. The R2 from the Temkin isotherm was lower (than the Freundlich and 

Langmuir), suggesting it was inappropriate in this case. The estimated bonding energy 

from the D-R model was 0.09 kJ/mol. Smith (Smith, 1981) suggests that <8 kJ/mol could 

be considered as physisorption (e.g., electrostatic attraction), which corresponds well to 

our case. The proposed adsorption mechanisms are summarised here using Fig. 5. 

 



26 

Fig. 5. Proposed adsorption mechanisms for Pb(II) onto the CSuA biochar 

3.5. Regeneration and reusability 

To some extent, adsorption mechanisms can be further elucidated from desorption 

studies. Further, the reusability of biochar is one of the most important factors in 

determining the commercial viability of a product (Turk Sekulić et al., 2018). The 

effectiveness of regenerated CSuA at absorbing Pb(II) is shown in Fig. 4d. Adsorption 

and desorption efficiency was 90.3% and 89.9% (respectively), after the first regeneration 

cycle. This declined with the number of cycles, and after the third cycle was 77.8% and 

63.1%, respectively. This indicates that the CSuA could be reused repeatedly, albeit with 

reduced efficiency. In addition, the fact that the adsorption process was reversible in the 

presence of excess H+ (i.e., low pH deionised water) again suggests that electrostatic 

attraction between the negatively charged oxygen and sulphur containing functional 

groups and Pb(II) was responsible for efficient Pb removal. 

3.6. Potential application of CSuA in removal of Pb(II) from real landfill leachate 

When considering the application of this biochar to the removal of heavy metal ions from 

landfill leachate, possible interference from other organic and inorganic components 

needs to be investigated. The characteristics of the leachate used in this study are 

presented in Table S2. The chemical oxygen demand (COD) of the leachate was between 

986 and 1535 mg/L, while the five-day biological oxygen demand (BOD5) was <400 

mg/L. This gives a BOD5/COD ratio of 0.28, which indicates that most of the organic 

compounds in the landfill leachate were poorly biodegradable. Besides Pb(II), the 

removal of colour and COD using CSuA, Hydrodarco C and Norit SA2 under optimised 

conditions were determined (Fig. 6a-d). Removal of colour and COD increased slightly 
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as the adsorbent dose increased from 2.0 to 4.0 g/L. At 4.0 g/L both COD and colour were 

reduced by >90% for all adsorbents. Additionally, Fig. 5a-d clearly indicates that while 

the Hydrodarco C and Norit SA2 products were the more effective for colour and COD 

removal, CSuA was not significantly poorer. Clearly, increasing adsorbent dosage results 

in a greater available surface area and increase in the number of binding sites. 

Additionally, in the case of the commercial activated carbons used, a higher surface area 

(Table S1), wider pore size distribution and their hydrophobic surface provided a slight 

advantage (over CSuA) when adsorbing organic pollutants from the leachate. 

Fig. 6e-f shows that Pb(II) removal efficiency also increased with increased adsorbent 

dosage. In the case of CSuA, >90% of the Pb(II) was removed at the lower dose of 2.0 

g/L. In contrast, Pb(II) removal with the commercial AC’s was low (only 10%). This 

shows that the CSuA had a much higher affinity/selectivity toward Pb(II). One possible 

explanation (for the high affinity of CSuA for Pb(II)) is that the rich surface functionality 

and moderate surface area of the CSuA creates a unique environment suitable for Pb(II) 

complexation. Extremely large surface areas and less rich surface chemistry may result 

in high non-specific adsorption (i.e., for the commercial activated carbon products). 

Given that this CSuA performed well for Pb(II), while the commercial AC’s may perform 

well for organic compounds - one option may be to employ both adsorbents (in series or 

as a mixture) at the same facility (Poblete et al., 2017; Souza et al., 2018).  

There are currently relatively few reports in the literature which cover the treatment of 

landfill leachate with adsorbents (Azmi et al., 2016, 2015; Foo et al., 2013b, 2013c). 

Although complete removal of Pb(II) was not achieved here, final concentrations fell 

(from 50 mg/L) to below the maximum limit established under Serbian legislation for 

effluent disposal, i.e., 0.5 mg/L ("Sl. glasnik RS", br. 67/2011, 48/2012 i 1/2016). Thus, 
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this CSuA efficiently removed Pb(II) from landfill leachate using a simple, fast, cheap 

and eco-friendly adsorption process, which can be readily applied at plant scale. 
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Fig. 6. Effect of adsorbent dosage on the removal of colour (a-b), COD (c-d) and Pb(II) 

(e-f) using CSuA and two commercial AC’s (initial concentration: 50  mg/L; pH 6.0; 

contact time: 47 min; dose of adsorbent: 2.0-4.0 g/L; rotation speed: 140 rpm; 

temperature: 22 °C; solution volume: 100 mL - Note: the data (n = 3) are represented as 

mean ± standard error). 

3.7. Comparison of adsorption efficiency with other adsorbents and initial cost analysis 

Different adsorbents have been studied previously for the removal of Pb(II) from landfill 

leachate (Table S6). In this study, CSuA was able to remove 97% of Pb(II) in solution, 

which is comparable to that found for a graphene oxide wrapped melamine sponge 

(MS@GG) (Feng et al., 2019) which had a removal efficiency of 99.24%. In contrast, 

magnetic graphene oxide (MGO) (Zhang et al., 2016) showed much lower removal 

efficiency (59.8%) under similar experimental conditions. Although a direct comparison 

is difficult (due to the fact that most experiments are conducted under different 

conditions), Table S6 does allow a broad understanding of the comparable effectiveness 

of this CSuA biochar.  

The cost of adsorbent production significantly impacts upon the overall cost (operating 

and capital) of any treatment process. A detailed cost estimate for the preparation of 1 kg 

of CSuA adsorbent is given in Table S7. The overall cost for the preparation of 1 kg is 

estimated to be 0.961 US$/kg (961 US$/ton). According to current information, the cost 

of commercially available carbonous adsorbents in the world market varies between 

~ 800 and 5000 US$/ton (depending on the quality/type of adsorbent) (Selvaraju and 

Bakar, 2017). 

4. Conclusion 
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In summary, the CSuA biochar produced here from waste cherry kernels was suitable and 

selective for Pb(II) removal even in complex landfill leachate samples. Despite high 

concentrations of potentially interfering substances, removal efficiency still reached 97%. 

The raw material is low-cost and the procedure for synthesising the biochar is simple. 

Good removal efficiency and a high affinity for Pb(II) were observed – and the material 

can be regenerated and reused several times. The CSuA compared well with commercial 

ACs and other adsorbents reported in the literature. High Pb(II) selectivity and capacity 

are likely due to active sites on the surface of the CSuA (mainly oxygen and sulphur 

containing functional groups), as well as its well-developed microporous structure. As a 

next step, this CSuA could be considered for the removal of Pb(II) within a dynamic pilot 

scale application. 
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