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Highlights 3 

 4 

 Functionalized biochars with high efficiency heavy metal removal. 5 

 Importance of carboxyl, hydroxyl and sulphate groups in the binding of metal ions. 6 

 Higher adsorption capacities of lead than chromium were observed. 7 

 Adsorption mechanism include complexation and electrostatic interactions. 8 

 Results show the biochars potential future practical application. 9 

 10 
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Abstract 11 

Plums and apricots are among the most popular fruits in Serbia and kernels of these are 12 

generally disposed of as waste. In common with other organic waste products there is 13 

potential to utilise these kernels in wastewater treatment. A new generation of highly-14 

efficient biochars were therefore developed for low-cost wastewater treatment. The aim 15 

of this work was to prepare functionalized biochars from different fruit industry waste 16 

biomass and to evaluate their ability to for lead and chromium adsorption. Fruit kernel 17 

based biochars were synthesized by pyrolysis and functionalized with sulphuric acid. The 18 

biochars were characterized using: proximate-ultimate analysis, the Brunauer, Emmett 19 

and Teller technique, surface functional group analysis with Fourier-transform infrared 20 

spectroscopy, pHpzc and scanning electron microscopy with energy dispersive X-ray 21 
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spectroscopy. Heavy metal adsorption by biochars was studied using different process 1 

parameters was shown to occur through different adsorption mechanisms. Three kinetic 2 

and two isotherm models were applied to the experimental data. Sulphur-containing 3 

functional groups on the biochar surface played an important role in binding. The high 4 

adsorption efficiency is attributed to surface complexation of biochar functional groups 5 

with heavy metal ions. Based on these results, biochars could be used as a highly efficient 6 

adsorbent for removal of heavy metals from aqueous solutions. 7 

 8 

Keywords: Fruit industry bio-waste; biochars; heavy metals; adsorption mechanisms; 9 

sulfurization 10 

 11 

1. Introduction 12 

Water is a critical resource; and clean, unpolluted water is required to help sustain living 13 

organisms and ecosystem function [1]. However, while heavy metals are natural 14 

components of the Earth's crust; mining, refining, use and global industrialization have 15 

all led to increased heavy metal pollution and concurrent damage to ecosystems [2]. 16 

Under favorable pH/Eh conditions, metals can be soluble in water and producing toxic 17 

effects and ecological impacts on aquatic biota [3,4]. Heavy metal contamination remains 18 

a global environmental problem, and the Agency for Toxic Substances and Disease 19 

Registry (ATSDR) highlights lead and chromium as two of the most toxic heavy metals 20 

[1]. Trace amounts of Cr(III) are essential for human health, but long-term exposure to 21 

Cr(III) contaminated water can be harmful [5]. Cr(VI), on the other hand, is highly toxic 22 

and carcinogenic – but, is also an integral part of many industrial processes (i.e., within 23 

stainless steel production and electroplating) [6]. Lead also continues to be used in many 24 
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industrial processes, i.e., during the production of dyes, paint coatings, glass, ammunition 1 

and batteries. A non-essential element, Pb(II) is highly toxic to humans and aquatic life 2 

and there is now no known “safe” level of exposure to this heavy metal [7]. Due to their 3 

toxicity, many techniques have been proposed to remove lead and chromium from 4 

industrial wastewaters, including membrane processes [8], flocculation [9], chemical 5 

precipitation [10], adsorption [11] among others. Among these, adsorption has several 6 

advantages, i.e., it can be simple, safe, low cost, and result in high recovery. Likewise, 7 

many potential adsorbents are cheaply/readily available [12]. One of the most frequently 8 

used adsorbents is biochar - a low-cost carbonaceous material, obtained from the thermo 9 

(-chemical) conversion of biomass in an “oxygen limited environment”. High adsorption 10 

rates, high specific surface area (with microporosity), and high ion exchange capacity, 11 

mean that biochar has potentially widespread environmental applications [13]. In the last 12 

ten years, numerous types of biochar have been created from different feedstock’s such 13 

as oak wood and oak bark [14], soft wood pellets [15], anaerobic digestion sludge 14 

[4,16,17], pineapple peel [18], herb residues [19], durian rind [20], mangosteen peels 15 

[21], and pig manure [22]. 16 

Here, we describe to production of a useful and low cost adsorbent from a common 17 

Serbian waste material to respond the growing demand in biochar market. The adsorption 18 

mechanisms of selected heavy metals onto two different biochars were determined and 19 

potential practical applications highlighted. The major novel piece of work described here 20 

is the process sulfurization of the biochar surface and demonstrating the formation of 21 

hydroxyl, carboxyl, sulphate and other functional groups which have a great affinity for 22 

binding metal ions. Plum and apricot kernel waste biomass was used to prepare biochar 23 

to capture heavy metal ions (in this case Pb(II) and Cr(III)) from aqueous solutions via a 24 
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batch process. Kinetic and equilibrium experiments, scanning electron microscopy with 1 

energy dispersive X-ray spectroscopy (SEM-EDX), Fourier-transform infrared 2 

spectroscopy (FTIR) and Brunauer, Emmett and Teller (BET) measurements were made 3 

to help elucidate the adsorption mechanisms at work. 4 

2. Material and Methods 5 

2.1 Materials and chemicals 6 

All chemicals and reagents used were of analytical grade. Lead nitrate (Pb (NO3)2), 7 

chromium nitrate nonahydrate (Cr(NO3)39H2O), concentrated hydrochloric acid (HCl) 8 

and ammonium hydroxide (NH4OH) were supplied by Fisher Scientific (Pittsburgh, 9 

USA). Stock solutions were prepared and diluted to the required concentrations using 10 

Milli-Q water (EASYpure® II, 18.2 MΩ). Residual metal concentrations in supernatants 11 

(following sorption experiments) were measured using flame atomic absorption 12 

spectrometry (FAAS, model Thermo Scientific S Series). Locally sourced plum and 13 

apricot kernels were collected from fruit plantations located in Novi Bečej (Serbia), and 14 

were washed with tap water prior to use. 15 

2.2. Biochar preparation 16 

The waste fruit biomass (plum and apricot kernels, separately) was dried at room 17 

temperature (22 ± 1 ºC) and milled. To produce sulfurized biomass 100 g of each milled 18 

kernel was treated with 50% w/v H2SO4. Thereafter, the samples were introduced into a 19 

muffle furnace in ceramic cups and pyrolyzed at 500 °C. During the first phase of 20 

pyrolysis, the samples were heated at a rate of 10 ºC min-1 to 180 ºC and held at this 21 

temperature for 30 min. In the second phase, the samples were heated at a rate of 10 ºC 22 

min-1 to 500 ºC and held for the next 60 min. Following pyrolyzation, the samples were 23 

cooled, and then thoroughly washed with Milli-Q. The samples were then dried at 105 ºC 24 
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for 2 h, sieved to obtain a particle size of ≤ 200 μm and then stored in a sealed bottle for 1 

later use. The prepared biochar from plum and apricot kernel is hereafter abbreviated as 2 

PSuA and ASuA, respectively. 3 

2.3. Characterization of the biochars 4 

The yield of biochar is an indication of the pyrolysis process mass efficiency. The yield 5 

of biochar was calculated from the following equation: 6 

Yield(%) =
𝑤b

𝑤0
∙ 100                                                                                                                  (1) 7 

Where w0 and wb (g) are the weights of waste biomass and biochar, respectively. 8 

A Vario EL III C, H, N, S/O Elemental Analyzer (Elementar, Germany) was used to 9 

determine the content of C, N, S and H in the two biochars via high temperature catalytic 10 

combustion. The moisture content, total ash content and suspension pH of the biochars in 11 

water (pHsus) were determined using American Standard Test Method D2867-04, D2866-12 

94 and D6851-02, respectively. pHsus relates with the overall acidity of the biochars. To 13 

determine the pHsus, 0.2 g of each biochar was suspended in 30 mL of Milli-Q water and 14 

equilibrated for 72 h. The pH was measured using a WTW SenTix® 41 (WTW, Germany) 15 

pH meter. The moisture content of the adsorbent samples was determined by oven-drying 16 

the material at 110 °C until consistency of weight was obtained. The total ash content of 17 

the samples was determined by heating the dried biochars in crucibles in a muffle furnace 18 

at 650 °C until consistency of weight. After heating, the crucibles were allowed to cool 19 

in a desiccator and weighed. The weight of the residue was calculated and reported as 20 

percentage of ash. The pH “drift” method was used to deduce pH at the point of zero 21 

charge (pHpzc) as reported by [23]. 22 

The release of Na(I), K(I), Mg(II) and Ca(II) from biochars to deionized water after 23 

mixing was determined using flame atomic absorption spectrometry to calculate the 24 
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cation-exchange capacity (CEC) of the biochars. The procedure was carried out using 500 1 

mg of PSuA and ASuA with 100 mL of deionized water and a 60 min contact period [24]. 2 

The surface properties and textural structure of the PSuA and ASuA were characterized 3 

using several techniques. The morphology and superficial structure were observed by 4 

SEM with a JSM 6460LV instrument (JEOL, USA). EDX was used to examine the 5 

surface elemental composition before and after adsorption. The specific surface area 6 

(SBET), pore volume and pore size of each biochar was evaluated using BET experiments 7 

with nitrogen adsorption/desorption data at 77 K using an Autosorb iQ instrument 8 

(Quantachrome, USA). Surface functional groups of PSuA and ASuA were investigated 9 

using FTIR spectroscopy (Nexus 670; Thermo Nicolet, USA); the FTIR spectra were 10 

recorded in the range 400–4000 cm-1. 11 

2.4. Experimental design 12 

The removal of Pb(II) and Cr(III) on PSuA and ASuA was studied using batch adsorption 13 

experiments. For all experiments, biochar was mixed with 50 mL of solution in an 14 

Erlenmeyer flask at room temperature (22 ± 1 °C). Flasks were placed on a mechanical 15 

shaker (Heidolph Unimax 1010; Heidolph, Germany) and agitated at 140 rpm. The pH 16 

was adjusted using 0.1 mol L-1 HCl or 0.1 mol L-1 NH4OH. After the adsorption 17 

experiments, the samples were filtered with Macherey-Nagel filter paper (MN 640m). 18 

The effect of pH on heavy metal adsorption was first studied using: 200 mg (4.0 g L-1) of 19 

biochar (added to a 50 mL solution) and initial metal concentrations of 50 mg L-1 (for 30 20 

min contact time). In order to study the effect of pH on Pb(II) and Cr(III) adsorption, 21 

initial pH varied from 2 to 6. 22 
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Biochar dose was also studied using PSuA and ASuA doses from 20, 50, 100, 200, 300, 1 

350 and 500 mg in 50 mL solutions of 50 mg L-1 (Pb(II) and Cr(III)) at pH 6, for a contact 2 

time of 30 min.  3 

For kinetic studies, samples were taken at intervals (5, 10, 15, 20, 30, 40, 50 and 60 min) 4 

with initial metal concentrations of 50 ml L-1, at pH 6.0, using 50 mL of solution and a 5 

biochar dose of 200 mg at two different temperatures (22 and 42 °C). 6 

In order to assess the effect of initial heavy metal concentration on adsorption efficiency 7 

(isotherm study), initial adsorbate concentrations were varied to 5, 10, 20, 50, 100, 150, 8 

200 and 300 mg L-1 with a pH of 6.0, biochar dose of 200 mg and a contact time of 30 9 

min. The percentage of adsorbate removal, R%, and equilibrium adsorption capacity, qe, 10 

were calculated, respectively, from the equations given below: 11 

𝑅(%) =
𝐶0 − 𝐶e

𝐶0
∙ 100                                                                                                                (2) 12 

𝑞e =
(𝐶0 − 𝐶e)

𝑚
∙ 𝑉                                                                                                                       (3) 13 

Where C0 is the initial metal concentration and Ce is the residual metal concentration (mg 14 

L-1), V is the volume of solution (L) and m is the mass of the biochar (g). Furthermore, 15 

the nonlinear chi-square test (χ2) was used to analyse errors in the experimental data, 16 

which can be described as: 17 

𝜒2 = ∑
(𝑞e

exp
− 𝑞e

cal)2

𝑞e
cal

𝑁

𝑖=1

                                                                                                             (4) 18 

Where 𝑞e
exp

 is the observation from the adsorption experiment, 𝑞e
cal is the calculated metal 19 

adsorption capacity with the kinetic and isotherm models and N is the number of the 20 

samples. If data from the model is similar to the experimental data, χ2 will be small; if 21 

they are different, χ2 will be large [25]. 22 
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3. Results and discussion  1 

3.1. Characterisation of the biochars 2 

The chemical composition of each biochar is listed in Table 1. Elemental analysis showed 3 

that the biochars were carbon rich with a carbon content >70 %. The carbon content of 4 

PSuA was only slightly lower than that of the ASuA. However, PSuA contained more 5 

hydrogen, nitrogen and oxygen. Sulphur in the structure of the biochars originated from 6 

the sulfurization process [26]. A high carbon and low ash and moisture content (Table 1) 7 

confirmed that these materials (as raw material) were suitable for biochar production. 8 

 9 

Table 1 10 

Chemical and physical characteristics of the PSuA and ASuA biochars 11 

Biochar PSuA ASuA 

Elemental analysis (%) 

C 70.56 C 72.36 

Oa 24.38 Oa 21.34 

S 1.87 S 3.24 

N 0.39 N 0.34 

H 2.8 H 2.72 

Yield on 500 ºC for 1 h (%) 34.8 32.5 

Moisture content (%) 1.02 1.57 

Ash content (%) 0.81 1.12 

pHpzc (-) 5.02 4.56 

pHsus (-) 4.78 4.63 

SBET (m2 g-1) 146.6 85.6 

Micropore volume (cm3 g-1) 0.06 0.036 

Mesopore volume (cm3 g-1) 0.019 0.096 

Total pore volume (cm3 g-1) 0.09 0.141 

Average pore diameter (Å) 12.225 32.845 
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Sulphur in modified biochars may be present as various sulphate functional groups. It has 1 

been suggested that the dominant sulphur species were sulphate groups, elemental S 2 

(observed as sulfide), heterocyclic C4H4S (thiophene) with other organic sulphur species 3 

only present as minor components [27]. Both elemental S and organic-S species present 4 

in a sulphurised biochars can easily bond with heavy metals and form stable compounds 5 

[28]. 6 

The product biochar yields from the plum and apricot kernels using different temperatures 7 

and pyrolysis times with H2SO4 are presented in Fig 1a-b. The production yield is an 8 

important measure of the feasibility of biochar preparation from a given precursor [26]. 9 

With increased pyrolysis temperature and time, yields decreased. This is due to the 10 

removal of volatile matter resulting from the decomposition of one of the major 11 

components of the fruit kernels (i.e., cellulose and hemicellulose). Given the obtained 12 

yields, the biochar adsorption characteristics and other parameters, the following optimal 13 

pyrolysis conditions were selected for use in further analysis: pyrolysis at 500 °C for 1 h. 14 

In this case, the yield of PSuA and ASuA were 34.8 % and 32.5 %, respectively (Table 15 

1). Based on the amount of waste biomass of this type in Serbia, and the yield of the 16 

production process, approximate annual biochar production can be calculated. About 130 17 

000 tons of fruit kernels (sum of plum and apricot kernels) are produced in Serbia every 18 

year. If the production yield is 33 %, then 43 000 t year-1 of biochar could be produced in 19 

Serbia from these types of waste materials alone. 20 
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 1 

Fig 1. Production yields (%) on different activation temperature and time for PSuA (a) 2 

and ASuA (b) 3 

Suspension pH (pHsus) is an indicator of the number of acidic or basic functional groups 4 

on the surface of each biochar. As the results in Table 1 show, PSuA and ASuA cause a 5 

decrease in the pH of deionized water. The acidic nature of these biochars is probably (in 6 

part) driven by the use of H2SO4 during the pyrolysis. 7 

The surface morphology of the biochars was observed by SEM-EDX. The SEM 8 

micrographs (with 500x and 5000x magnification) are presented in Fig. 2a-d and show 9 

the heterogeneous surface and porous nature of the biochars before the adsorption 10 

process. The pores observed by SEM are in the macro- and mesopore range and these 11 

allow access to the microporous structure. The influence of H2SO4 treatment is more 12 

obvious for ASuA, whereby on Fig 2c-d, greater pore destruction is observed on the 13 

surface of the ASuA. These are consistent with the results obtained during the BET 14 

analysis. 15 
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1 

 2 

Fig 2. SEM micrograph of PSuA surface (a, b) and ASuA surface (c, d) 3 

The textural properties (surface area, total pore volume and average pore diameter) are 4 

also presented in Table 1. These indicate that the prepared biochars have a high specific 5 

surface area and high pore volume. PSuA and ASuA have a SBET of 146.46 and 85.6 m2 6 

g-1, respectively. Pores within the biochar structure can be classified into three groups; 7 

micropores (pore size smaller than 20 Å), mesopores (pore sizes up to 500 Å), and 8 

macropores (pore sizes larger than 500 Å) as described by the International Union of Pure 9 

and Applied Chemistry (IUPAC) [29]. The microporous volume of PSuA is higher than 10 

that of ASuA and the mesopore volume has the opposite tendency – hence the total pore 11 

volume is higher for ASuA at 0.141 cm3 g-1. These results confirmed the presence of the 12 

micro-mesoporous structure of both biochars, and that micropores dominated in PSuA 13 
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and mesopores dominated in ASuA. The average pore diameter for PSuA was 12.225 Å, 1 

showing that this biochar had pores in the microporous region; and for ASuA, the average 2 

pore diameter was 32.845 Å, i.e., in the mesoporous region. 3 

In addition to physical adsorption, chemisorption (electrostatic attraction and surface 4 

complexation) and ion-exchange is extremely important and occurs due to the surface 5 

functional groups on the biochars [30]. The FTIR spectra for the plum and apricot kernel 6 

biochars, pre and post adsorption, are shown in Fig. 3 and 4, respectively. PSuA and 7 

ASuA had similar characteristic peaks that corresponded to functional groups typical for 8 

biochars. The FTIR spectra show a broad stretching vibrational band for hydroxyl (–OH) 9 

at about 3700 cm-1 and 3400 cm-1. Two weak bands at around 2950–2850 cm-1 for both 10 

biochars indicate aliphatic groups. Stretching vibrational bands for the carboxyl groups 11 

(C=O) in carboxylic acid were detected at 1701.67 cm-1 and 1696.99 cm-1. Spectra also 12 

showed stretching vibrational bands for C=O (in –COO-) or C=C centering at 1603.27 13 

cm-1 and 1600.24 cm-1 respectively, and a bending vibrational band for C–H at 1369.61 14 

cm-1. The two weaker signals at 1249.50 cm−1 and 1245.35 cm−1 may be associated with 15 

ν (C‒O‒C) vibrations in ether type structures. Spectra also showed vibrational bands at 16 

around 1040–1000 cm-1, 900–800 cm-1 and 750–600 cm-1 which were assigned to the 17 

asymmetric and symmetric stretching vibration of SO2 and symmetric stretching 18 

vibration of SO3
- groups, respectively - confirming the presence of surface SO2 19 

complexes [31–33] 20 
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.  1 

Fig 3. FTIR spectrum of PSuA before and after adsorption  2 

 3 

Fig 4. FTIR spectrum of ASuA before and after adsorption  4 

The surfaces of the PSuA and ASuA were rich in a range of functional groups, containing 5 

oxygen (associated with carboxylic, carbonyl, phenolic functionalities) and sulphur 6 

containing moieties. These functional groups may all have a high affinity towards heavy 7 
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metals. The presence of acid functional groups on these biochar surfaces is also suggested 1 

by the pHpzc. The pHpzc of PSuA and ASuA was 5.02 and 4.56, respectively (Table 1). In 2 

principle, at a pH > pHpzc, the surface becomes negatively charged and favors the uptake 3 

of cationic metals due to increased electrostatic attraction [34]. 4 

Corresponding characterization (elemental analysis, SEM, EDX etc.) of non-5 

functionalized materials (plum and apricot) are summarized in Supplementary data. All 6 

biochars showed more complex physi-chemical characteristics after the functionalization 7 

with H2SO4 than before. 8 

3.2. Adsorption studies 9 

3.2.1. Effect of solution pH on adsorption 10 

The influence of pH on adsorption efficiency for Pb(II) and Cr(III) was studied in the pH 11 

range 2.0 - 6.0 and the results are shown in Fig 5a for both biochars. At pH values above 12 

of 6.0, hydroxide precipitation occurred for Pb(II) (Fig S5). Thus, at pH values > 6.0, 13 

increases in adsorption removal efficiency (for PSuA and ASuA) cannot necessarily be 14 

attributed to the process of adsorption alone. 15 
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1 

 2 

Fig. 5. Influence of pH (a), biochar dose (b), contact time (c) and initial metal 3 

concentration (d) on the adsorption (initial concentration: 50 mg L-1; pH: 6; agitation 4 

time: 30 min; agitation speed: 140 rpm; dose of biochar: 4 g L-1; temperature of 5 

solution: 22 ºC. 6 

Both biochars showed poor removal of Pb(II) and Cr(III) at pHs lower than 2 to 3. 7 

Removal efficiency went up to >60% as soon as pH increased to 4 (for Pb(II)). With 8 

further increases in pH, the amount of Pb(II) adsorbed continued to increase and the 9 

efficiency went beyond 90% at pH 6. For the Cr(III), removal increased markedly 10 

between pH 5 and 6, and went beyond 70%. 11 

The main influence of pH on the adsorption process is that it will affect the dominant 12 

Pb(II) species present and the surface functional groups on the biochars. In an acidic 13 

environment, i.e., below the pHpzc (around 5), most Pb exists as Pb(II) ions (Fig S5). 14 

During experiments, pH was monitored throughout – and in all cases, the final pH value 15 
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was less than the initial pH (initial pH being 2, 3, 4, 5 or 6). This indicats that H+ ions 1 

were being released into the solution from the surface of biochar as experiments 2 

progressed. This in turn suggests that the adsorption of Pb(II) involved their surface 3 

complexation (release of protons on biochar by coordinated adsorption of Pb(II)) [35]. 4 

The negative charge on the surface of the biochars increased as the oxygen- and sulphur-5 

containing functional groups became deprotonated with increasing pH [36]. This 6 

indicated that electrostatic attraction between the biochar and Pb(II) was one of the main 7 

mechanisms involved in adsorption. Similar findings (to those here) were reported by 8 

[30] for the adsorption of Pb(II) onto biochars derived from fresh and dehydrated banana 9 

peel. 10 

In the case of Cr adsorption as a function of pH, various Cr ions will be present between 11 

pH 2-6 (Fig S6). Below pH 4, Cr(III) will be dominant. The surface charge of the biochar 12 

is positive at low pH (2-3), potentially repelling the Cr(III) and the higher concentration 13 

of H+ inhibits cation exchange. Additionally, adsorption of Cr(III) through electrostatic 14 

attraction cannot occur (pHpzc). At pH of 4-6, biochars were negatively charged based on 15 

their pHpzc values, while Cr was mainly positively charged (Cr3+, CrOH2+, and Cr(OH)2
+) 16 

[37]. As for Pb, the initial pH decreased after adsorption, which suggest that functional 17 

groups bound Cr(III) and thus led to the formation of surface complexes. Zhao et al. 18 

reported the opposite phenomena during the chromium removal by functionalized 19 

graphene oxide. The pH values after chromium adsorption were increased, which is due 20 

to Cr6+ reduction being involved in the H+ consumption [38]. 21 

Shifts in the peak positions of the biochar functional groups in the FTIR spectra also point 22 

to this mechanism. Similar findings have also been reported in the literature, i.e., 23 

adsorption of Cr(III) by crop straw derived biochars [39]. 24 
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3.2.2. Effect of biochar dosage 1 

The effect of biochar dose on Pb(II) and Cr(III) adsorption for PSuA and ASuA were also 2 

investigated and the results are shown in Fig. 5b. Adsorbent dose is one of the most 3 

important parameters because it effects the metal-biochar equilibrium within the 4 

adsorption system [40]. Fig. 5b shows that the removal efficiency of metal ions increases 5 

as the dose of biochar increases – but, only up to a finite point. This may be due to the 6 

increased biochar surface area and pore volume available which then provides more 7 

functional groups and active adsorption sites [41]. As shown in Fig. 5b, with the increase 8 

in biochar dose (up to 200 mg), the removal efficiency for Pb(II) rose to >90 % for both 9 

biochars; while the removal efficiency for Cr(III) reached only 40 % on ASuA and 50 % 10 

on PSuA (and little additional removal was attained above ~50mg dose). In the case of 11 

Pb(II), when the biochar dose increased above 200 mg, equilibrium was established. This 12 

was likely due to competition among the great number of active sites, as well as the lower 13 

metal ion concentration gradient [32,42]. Additionally, other mechanisms may be at play 14 

when the mass of adsorbent in the system is very high, i.e., agglomeration of the sorbent. 15 

As adsorption plateaued at 200 mg (for Pb(II)), this was considered a suitable optimum 16 

dose and was used for further experiments. Similar conclusions were made by [4] to 17 

represent experimental data for Pb(II) onto anaerobic digestion sludge derived biochar. 18 

3.2.3. Effect of contact time and the kinetic model results 19 

The effect of contact time on the adsorption of Pb(II) and Cr(III) onto PSuA and ASuA 20 

is shown in Fig. 5c. There is a rapid uptake of Pb(II) within the first 10 mins on both 21 

biochars, during which adsorption efficiency increases to >75 % and equilibrium is 22 

attained within 30 mins. After this, very limited additional adsorption was observed. For 23 

Cr(III), adsorption increased to ~45 % for PSuA and ~25 % for ASuA within the first 10 24 
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mins. Removal efficiency for Cr(III) then continued to increase slowly and achieved ~35 1 

% for ASuA and ~60 % for PSuA after 60 mins. Rapid adsorption in the first 10 mins 2 

may be due to the large number of surface active sites available for metal ions, with 3 

adsorption primarily occurring first on the outer surface of these biochars [43]. Also, the 4 

high initial Pb(II) and Cr(III) concentration will act to drive adsorption and overcome 5 

mass transfer resistances [44]. Based on these results, a 30 min period was chosen for 6 

further experiments. 7 

Knowledge of adsorption kinetics is important to shed light on the key mechanisms of 8 

adsorption reactions [45]. In this study, we employed pseudo-first and pseudo-second 9 

order kinetics to study the adsorption reaction mechanism onto PSuA and ASuA 10 

(Supplementary materials). Key results are listed in Table 2 and kinetic plots are given in 11 

Fig. 6a-d. From the data it can be seen that Pb(II) and Cr(III) adsorption did not follow 12 

the pseudo-first-order equation well. For the pseudo second-order model the correlation 13 

coefficients were high/better and the error values were very low (suggesting that a pseudo 14 

second-order model is best considered in this adsorption system). Observations indicate 15 

that adsorption of Pb(II) and Cr(III) on PSuA and ASuA occurs as a second order reaction, 16 

and that the metal ion bonding process is, to a large extent, kinetically controlled, and a 17 

chemisorption process [46]. Similar findings have also been reported in the literature, i.e., 18 

for chromium removal with eucalyptus sawdust derived biochar [47], and lead 19 

remediation using magnetic oak wood and oak bark fast pyrolysis biochars [14]. 20 

 21 

Table 2 22 

Reaction kinetic parameters for the adsorption of Pb(II) and Cr(III) ions onto PSuA and ASuA 23 

PSuA T (°C) qe, exp  Pseudo-first order Pseudo-second order Ea  



20 

 

(mg g-1) qe, cal  

(mg g-1) 

K1  

(1 min-1) 

R2 χ2 qe, cal  

(mg g-1) 

K2 

(g mg-1 min-1) 

R2 χ2 (kJ mol-1) 

Pb(II) 22 10.958 2.412 -0.046 0.980 0.183 11.180 0.046 0.999 0.007 41.345 

42 11.405 2.356 -0.155 0.952 1.000 11.562 0.134 0.999 0.002 

Cr(III) 22 8.070 3.879 -0.040 0.813 1.762 8.366 0.021 0.972 0.306 -1.887 

42 3.240 2.104 -0.008 0.901 0.009 2.884 0.020 0.705 7.171 

ASuA T (°C) qe, exp  

(mg g-1) 

Pseudo-first order Pseudo-second order Ea  

(kJ mol-1) qe, cal  

(mg g-1) 

K1  

(1 min-1) 

R2 χ2 qe, cal  

(mg g-1) 

K2 

(g mg-1 min-1) 

R2 χ2 

Pb(II) 22 11.603 0.712 -0.077 0.919 0.357 11.670 0.244 0.999 0.003 44.489 

42 12.263 0.342 -0.143 0.926 0.373 12.290 0.771 0.999 0.001 

Cr(III) 22 4.743 4.440 -0.087 0.875 0.735 5.241 0.038 0.988 0.298 -11.809 

42 2.080 1.334 -0.033 0.975 0.071 2.312 0.028 0.982 0.469 

The activation energy of adsorption process (Ea; kJ mol-1) can be predicted using the 1 

Arrhenius equation. Eq. (6) describes the activation energy estimated based on adsorption 2 

kinetics experiments performed at two temperatures: 3 

𝐾 = 𝐴𝑒−𝐸𝑎/𝑅𝑇                                                                                                                             (5) 4 

𝑙𝑛𝐾2(315𝐾) − 𝑙𝑛𝐾2(295𝐾) = (𝑙𝑛𝐴 −
𝐸𝑎

𝑅𝑇315
) − (𝑙𝑛𝐴 −

𝐸𝑎

𝑅𝑇295
) 5 

⇔ 𝐸𝑎 =

𝑅𝑙𝑛
𝐾2(315𝐾)

𝐾2(295𝐾)

1
𝑇295

−
1

𝑇315

     (6) 6 
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1 

 2 

Fig. 6. Kinetics data and fitted models for Pb(II) and Cr(III) adsorption onto PSuA (a, 3 

b) and ASuA (c, d) (initial concentration: 50 mg L-1; pH: 6; agitation speed: 140 rpm; 4 

dose of biochar: 4 g L-1; temperature of solution: 22 ºC. 5 

 6 

Where K2(315K) and K2(295K) are the rate constants of the pseudo-second order model at 295 7 

K (22 °C) and 315 K (42 °C), respectively; A is the pre-exponential factor, R is the 8 

universal gas constant (8.314 J mol-1 K-1); and T is the absolute temperature in K. 9 

Result from Table 2 and Fig. 5c show the adsorption equilibrium during the kinetic 10 

experiments can be established rapidly for Cr(III) because of the low activation energy 11 

requirements (from -1.887 to -11.809 kJ mol-1) and confirmed the adsorption process was 12 

governed mostly by diffusion transport and physical adsorption [48]. In addition, the 13 

negative values of Ea reflected the exothermic nature of the adsorption process. The Ea 14 
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was found to be 41.345 and 44.489 kJ mol-1 for Pb(II), which indicates that the adsorption 1 

onto PSuA and ASuA mainly involved chemisorption mechanisms and endothermic 2 

reactions [49]. The physisorption process usually has energies in the range of 5–40 kJ 3 

mol-1 while the chemisorption process has higher activation energy (40–800 kJ mol-1) 4 

[50]. 5 

3.2.4. Effect of initial adsorbate concentration and isotherm model results 6 

The effect of the initial concentration of Pb(II) and Cr(III) on adsorption is presented in 7 

Fig. 5d. With an increase in initial concentration (of metal ions), adsorption capacity also 8 

increased, which is likely due to the increased concentration gradient between the metal 9 

ions and the biochar. The adsorption capacities for Pb(II) were 31.47 and 26.41 mg g-1 10 

onto PSuA and ASuA, respectively. Adsorption capacity for Cr was lower and ~12 mg g-11 

1 on both biochars. The two biochars displayed similar adsorption performance at lower 12 

concentrations (of metal ions), but as concentrations increased, PSuA outperformed 13 

ASuA. 14 

 15 

Table 3 16 

Langmuir and Freundlich isotherm constants for Pb(II) and Cr(III) ions onto PSuA and ASuA 17 

PSuA qmax,exp 

(mg g-1) 

Langmuir Freundlich 

qmax  

(mg g-1) 

KL  

(L mg-1) 

R2 χ2 Kf  

(L g-1) 

1/n R2 χ2 

Pb(II) 31.473 28.799 1.405 0.867 2.327 2.923 0.445 0.912 0.279 

Cr(III) 12.808 14.024 0.251 0.935 7.147 1.359 0.358 0.915 0.609 

ASuA qmax,exp 

(mg g-1) 

Langmuir Freundlich 

qmax  

(mg g-1) 

KL  

(L mg-1) 

R2 χ2 Kf  

(L g-1) 

1/n R2 χ2 
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Pb(II) 26.410 23.890 1.279 0.883 2.827 2.981 0.399 0.911 0.247 

Cr(III) 11.413 12.689 0.147 0.831 17.127 1.373 0.290 0.853 0.756 

 1 

Adsorption isotherms are essential in aiding understanding of the mechanisms of 2 

adsorption and indicate the distribution of adsorbate between the solid and liquid phase 3 

when the adsorption reaches the equilibrium [51]. Langmuir and Freundlich models were 4 

used here (Supplementary materials) with the results summarized in Table 3 and graphical 5 

representations given in Fig. 7a-d. For Cr(III) onto PSuA, the Langmuir isotherm gave a 6 

higher correlation coefficient (R2 = 0.935) than the Freundlich model (R2 = 0.915). This 7 

may indicate adsorption is monolayer with homogeneous binding sites, equivalent 8 

adsorption energies and no interaction between adsorbed species. Similar phenomena 9 

were reported in the study where functionalized graphene oxide was used as an adsorbent 10 

for chromium removal [38]. The maximum adsorption capacity (Langmuir model) was 11 

14.02 mg g-1. In all other cases, the data were better described by the Freundlich model, 12 

suggesting multilayer adsorption onto a heterogeneous surface where adsorption affinities 13 

were not balanced. In other words, the main assumption is that as the adsorbate 14 

concentration increases so too does the concentration of adsorbate on the heterogeneous 15 

surface [52]. The maximum adsorption capacities for Pb(II) were 28.799 mg g-1 and 16 

23.890 mg g-1 onto PSuA and ASuA, respectively; for Cr(III), it was 12.689 mg g-1 on 17 

ASuA. A similar value was reported by [15] for Pb(II) using rice husk biochar, and 11.6 18 

mg g-1 has been reported by [53] for chromium using biochar prepared from rice straw 19 

crop residues. 20 
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1 

 2 

Fig. 7. Isotherms data and fitted models for Pb(II) and Cr(III) adsorption by biochars 3 

PSuA (a, b) and ASuA (c, d) (pH: 6; agitation time: 30 min; agitation speed: 140 rpm; 4 

dose of biochar: 4 g L-1; temperature of solution: 22 ºC. 5 

 6 

Moreover, a high value of Kf showed a high removal capacity was obtained for Pb(II) 7 

onto PSuA (2.923 L g-1) and ASuA (2.981 L g-1). The Freundlich coefficient 1/n values 8 

also fulfilled the condition of n < 0.5, implying favourable adsorption. Freundlich type 9 

adsorption is indicative of surface heterogeneity on the adsorbent – i.e., that the surface 10 

of the PSuA and ASuA is likely composed of small heterogeneous patches which are 11 

favourable for adsorption [54]. 12 
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The adsorption efficiency of Pb(II) and Cr(III) from aqueous solutions by different 1 

biochars has been the subject of several research studies; for information, a comparison 2 

of published results (including the results of this research) is shown in Table 4. 3 

 4 

Table 4 5 

Comparison of adsorption capacity of metal ions with other biochars 6 

Pb(II) Cr(III) and Cr(VI) 

Biochar qmax (mg g-1) Ref. Biochar qmax (mg g-1) Ref. 

Unfunctionalized 

material (plum) 

1.3 This study Unfunctionalized 

material (plum) 

- This study 

Unfunctionalized 

material (apricot) 

0.9 This study Unfunctionalized 

material (apricot) 

- This study 

Oak wood and oak 

bark biochar 

3.0 [14] Functionalized 

carbonous sorbent 

2.5 [55] 

Pine wood 

feedstock biochar 

4.9 [56] Biochar derived from 

municipal sludge 

7.0  [57] 

Soft wood pellets 

biochar 

8.1 [15] Pineapple peel 

biochar 

7.4  [18] 

ASuA 23.9 This study Biochar from rice 

straw crop residue 

11.6 [53] 

PSuA 28.8 This study ASuA 12.7 This study 

Sludge-derived 

biochar 

30.9 [58] PSuA 14.0 This study 

Rice husk biochar 35.0 [15] Magnetic biochar  23.8 [19] 

Magnetic Douglas 

fir biochar 

40.8 [59] Biochar from 

electroplating sludge 

25.4 [60] 
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Biochar derived 

from anaerobic 

digestion sludge 

51.2 [4] Eucalyptus sawdust 

biochar 

45.9 [47] 

 1 

3.6. Adsorption mechanisms 2 

The adsorption mechanisms at play here will depend on the biochar properties (including 3 

surface functional groups, SBET and textural structure) [61] as well as the metal ion 4 

speciation. The possible adsorption mechanisms involved may include a mixture of 5 

electrostatic attraction, ion-exchange, physical adsorption with weak Van der Waals 6 

interactions, surface complexation and microprecipitation within the pores of the biochars 7 

[58]. 8 

Mechanisms here were comprehensively investigated using different approaches, 9 

including isotherm models, reaction- and diffusion-kinetics models and instrumental 10 

analysis (FTIR, BET and SEM-EDX). Usually, four key mass transport mechanisms are 11 

involved in adsorption by porous biochars [62]. First transport of adsorbate (in this case 12 

heavy metals) from bulk solution to the boundary layer of the biochar (bulk diffusion) 13 

followed secondly by adsorbate migration through the boundary layer (film diffusion). 14 

Thirdly transfer of adsorbate from the surface to the intraparticle active sites (intraparticle 15 

diffusion), which occurs within the internal surface of the biochar (pore and surface 16 

diffusion) and finally adsorption of heavy metals onto the entire surface (by active 17 

centres). It is important to predict the rate-limiting step in any transport mechanism – in 18 

order to understand the whole adsorption process. For this purpose, a Weber–Morris 19 

kinetic model of intraparticle diffusion was used: 20 

𝑞t = 𝐾i𝑡
1/2 + 𝐶                                                                                                                            (7) 21 
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Where Ki (mg g–1 min–1/2) is the intra particle diffusion rate constant and C (mg g-1) is a 1 

constant associated with the thickness of the boundary layer (a higher C corresponds to a 2 

greater effect on the limiting boundary layer). These can be determined from the plot of 3 

qt as a function of t1/2. From Figure 5c, the initial sharper stage can be attributed to the 4 

diffusion of Pb(II) and Cr(III) through the solution and boundary layer to the external 5 

surface of the biochar (with a very high diffusion rate). Rapid adsorption may also be 6 

attributed to the high metal ion concentration (in the solution) and the initial availability 7 

of active sites on the biochar surface. The second, slower stage, may describe the more 8 

gradual diffusion of Pb(II) and Cr(III) into the biochar interior. The final equilibrium is 9 

characteristic of the reduction of the exterior and interior active sites. Considering the 10 

linear components of these plots, gives intercepts, which then gives an idea about the 11 

boundary layer influence. The values of the diffusion rate parameters (Ki1 and Ki2) for the 12 

first and the second stages were calculated from the slopes of the linear plots and are 13 

given (with the correlation coefficients) in Table 5. In the case of Pb(II) the diffusion rate 14 

constant for the first linear portion, Ki1, is 0.583 and 0.721 mg g-1 min-1/2 for PSuA and 15 

ASuA, respectively, while the Ki2 is 0.002 and 0.035 mg g-1 min-1/2 Pb(II). Considering 16 

the diffusion rate constants for both metal ions, for both biochars, stage 2 values are lower 17 

than stage 1. This supports the argument that Pb(II) and Cr(III) adsorption onto these 18 

biochars is partly controlled by intraparticle diffusion and occurs in two steps: surface 19 

adsorption and then intraparticle adsorption. Initially, surface adsorption dominates (since 20 

there are a large number of active sites on the biochar surface); but as the surface active 21 

sites are occupied, adsorption proceeds to the second stage: intraparticle adsorption. 22 

 23 

Table 5 24 
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Intraparticle diffusion parameters for the adsorption of Pb(II) and Cr(III) ions onto PSuA and ASuA at 22 1 

°C 2 

PSuA 

  

Intraparticle diffusion model 

Ki1  

(mg g-1 min-1/2) 

Ki2  

(mg g-1 min-1/2) 

K3  

(mg g-1 min-1/2) 

C1  

(mg g-1) 

C2 

(mg g-1) 

C3 

(mg g-1) 

(R1)2 (R2)2 (R3)2 

Pb(II) 0.583 0.002 0.382 7.471 4.558 8.002 0.999 0.999 0.999 

Cr(III) 0.184 0.165 0.348 5.165 5.448 5.373 0.999 0.992 0.999 

ASuA 

  

Intraparticle diffusion model 

Ki1  

(mg g-1 min-1/2) 

Ki2  

(mg g-1 min-1/2) 

K3  

(mg g-1 min-1/2) 

C1  

(mg g-1) 

C2 

(mg g-1) 

C3 

(mg g-1) 

(R1)2 (R2)2 (R3)2 

Pb(II) 0.721 0.035 0.022 9.059 11.342 11.430 0.999 0.999 0.999 

Cr(III) 0.238 0.114 0.044 2.509 3.268 4.398 0.999 0.992 0.999 

 3 

The FTIR spectra for heavy metal loaded PSuA and ASuA are shown in Fig. 3 and Fig 4, 4 

respectively. Comparing spectra, it can be seen that binding of metal ions to the surface 5 

of these biochars produces a change in the position and intensity of some absorption 6 

peaks. There is a shift on the band at 3732 cm-1 in metal loaded PSuA and ASuA, which 7 

could indicate stretching vibration of -OH in the alcohol group, confirming the 8 

coordination between metal ions and alcoholic hydroxyl function groups. The shift in 9 

bands at 3422 cm-1 and 3427 cm-1 supports the idea of complexation between metal ions 10 

and hydroxyl function groups. Moreover, the bands between 1700 cm-1 and 1600 cm-1 11 

also shifted, indicating coordination of metal ions with carboxyl groups. Vibrational 12 

bands at 1036 cm-1, 749 cm-1 and 601 cm-1 changed intensity and shape. These are 13 

indicative of asymmetric and symmetric stretching vibration of SO2 and symmetric 14 

stretching vibration of S–O groups. These shifts in wavenumber correspond to a change 15 

in energy of the functional groups, suggesting the involvement of carboxyl, hydroxyl, and 16 
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especially sulphate groups in the binding of metal ions and the formation of complexes. 1 

Cao et al. pointed out that carboxyl functional groups on adsorbents were coordinated 2 

with Pb(II) ions by electrostatic surface complexation [63]. Also, lead and chromium 3 

could bond with free hydroxyl (-OH) functional groups via intraparticle 4 

microprecipitation [64]. 5 

Changes in surface characteristics were also visible after heavy metal adsorption onto 6 

biochars (Fig 8a and 8b). The SEM-EDX analysis showed that adsorption caused a 7 

morphological alteration of the surface which was reflected by a more homogeneous and 8 

smoother surface. The EDX spectra also gave a signal corresponding to the heavy metals 9 

used, which is direct evidence that adsorption occurred. EDX spectra for PSuA and ASuA 10 

are shown in Fig 8a and 8b. 11 

The cation-exchange capacities for PSuA and ASuA were 0.093 and 0.071 mmol g−1, 12 

respectively. It should be noted that high concentrations of H+ ions (present in solutions 13 

after contact with biochars) may be driven by residual sulphuric acid left after 14 

sulfurization. The release of these H+ ions indicates covalent bonding of heavy metal ions 15 

onto the biochars; while the release of Na(I), K(I), Ca(II) and Mg(II) ions indicates ion 16 

exchange mechanisms. Experimental results showed that the release of hydrogen ions 17 

was greater than the release of Na(I), K(I), Ca(II) and Mg(II) ions. Thus, while ion-18 

exchange must be involved, it is perhaps not the most important mechanism. 19 
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1 

 2 

Fig 8. SEM micrograph of PSuA (a) and AsuA (b) surface after adsorption with EDX 3 

spectrum 4 

 5 

4. Conclusion 6 

We investigated the adsorption of two heavy metals (lead and chromium) onto 7 

functionalized biochars (PSuA and ASuA). The maximum adsorption capacities for 8 

Pb(II) were 28.799 mg g-1 and 23.890 mg g-1 using PSuA and ASuA respectively, and for 9 

Cr(III), 14.024 mg g-1 and 12.689 mg g-1, respectively. Adsorption strongly depended on 10 

solution initial pH. Strong electrostatic attractions between the biochar and heavy metal 11 

ions likely occurred. FTIR spectra suggest the involvement of carboxyl, hydroxyl, and 12 

especially sulphate groups in binding metal ions confirming that complexation is one of 13 

the adsorption mechanisms. 14 
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Table S1 1 

Chemical and physical characteristics of the non-functionalized materials 2 

Biochar Plum Apricot 

Elemental analysis (%) 

C 46.58 C 41.75 

Oa 46.47 Oa 51.90 

S n.d.b S n.d.b 

N 0.30 N 0.24 

H 6.65 H 6.11 

Cellulose (%) 22.93 21.71 

Lignin (%) 25.41 26.45 

Proteins (%) 3.03 2.59 

Moisture content (%) 2.3 2.4 

Ash content (%) 0.8 0.6 

aBy difference 3 

bNot detected 4 

 5 

Fig S1. SEM micrograph of non-functionalized material (plum) 6 

 7 
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 1 

Fig S2. EDX spectrum of non-functionalized material (plum) 2 

 3 

Fig S3. SEM micrograph of non-functionalized material (apricot) 4 
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 1 

Fig S4. EDX spectrum of non-functionalized material (apricot) 2 

 3 

Fig S5. Eh-pH diagrams of the system Pb-O-H, 298.15 K, 105 Pa [1] 4 
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 1 

Fig S6. Eh-pH diagrams of the system Cr-O-H, 298.15 K, 105 Pa [1] 2 

Adsorption models 3 

The pseudo-first kinetic model is generally expressed as follows [2]: 4 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒5 

− (
𝐾1

2.303
) 𝑡                                                                                                     (1) 6 

Where K1 (1 min–1) is the equilibrium rate constant of the pseudo-first order adsorption 7 

and it is determined from the plot of log (qe − qt) as a function of t.  8 

Pseudo-second-order kinetic model can be represented by the equation [3,4]: 9 

𝑡

𝑞𝑡
10 

=
1

𝐾2𝑞𝑒
2

11 

+
1

𝑞𝑒
𝑡                                                                                                                                     (2) 12 
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Where K2 (g mg–1 min-1) is the pseudo-second order rate constant and it is determined 1 

from the plot of t/qt as a function of t.  2 

The Langmuir isotherm model is one of the most used adsorption models, and it suppose 3 

monolayer coverage of heavy metals over a homogeneous biochar surface.  4 

The linear form of Langmuir isotherm is represented by the equation [5]: 5 

𝐶𝑒

𝑞𝑒
6 

=
1

𝑞𝑚𝑎𝑥𝐾𝐿
7 

+
𝐶𝑒

𝑞𝑚𝑎𝑥
                                                                                                                            (3) 8 

Where Ce is the equilibrium concentration of adsorbate (mg L–1), qe is the adsorption 9 

capacity at equilibrium (mg g–1), KL is the Langmuir equilibrium constant (L mg-1), and 10 

qmax is theoretical monolayer saturation capacity (mg g–1). 11 

Freundlich isotherm is an empirical model and it assumes the existence of heterogeneous 12 

adsorption centres on the surface of the adsorbent. The linear form of this isotherm is 13 

represented by the equation [6]: 14 

𝑙𝑜𝑔𝑞𝑒15 

= 𝑙𝑜𝑔𝐾𝑓 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒                                                                                                                    (4) 16 

Where Kf is Freundlich isotherm constant (L g–1), and n is Freundlich exponent which 17 

serves to describe strength of adsorption. Typically, 1/n values range between 0 and 1, 18 

and if 1/n is closer to 0, the adsorption intensity is higher. 19 
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