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Abstract 

This paper investigates the ability of the phosphoric acid functionalized Prunus 

armeniaca stones biochar (AsPhA) prepared by thermochemical activation to remove 

lead (Pb
2+

), cadmium (Cd
2+

), nickel (Ni
2+

), naproxen and chlorophenols from aqueous 

wastes. The engineered biochar was characterized using the Scanning Electron 

Microscopy, Energy-dispersive X-ray Spectroscopy, Fourier Transform Infrared 

Spectroscopy and Brunauer, Emmett and Teller technique. The batch studies were 

performed by varying the initial pH of the solution (2 - 9), adsorbent dosage (0.2 – 10 

g L
-1

), contact time (5 – 60 min), temperature (22, 32 and 42 °C) and initial adsorbate 

concentration (5 – 500 mg L
-1

). With the optimal process conditions, the adsorption 

efficiency was over 95 % (100 mg L
-1

). The results were fitted with three kinetic and 

three equilibrium theoretical adsorption models. The adsorption process has good 

correlation with pseudo-second-order reaction kinetics. Adsorption mechanism was 

found to be controlled by pore, film and particle diffusion, throughout the entire 

adsorption period. The monolayer adsorption capacities were found to be 179.476, 

105.844 and 78.798 mg g
−1

 for Pb
2+

, Cd
2+

 and Ni
2+

, respectively. Thermodynamic 

parameters such as Gibbs energy, enthalpy and entropy were also calculated. 

Additionally, preliminary results indicated a strong affinity of the biochar for selected 

organic micropollutants: naproxen and chlorophenols. Based on desorption study 

results, biochar was successfully regenerated in 3 cycles with diluted phosphoric acid 

produced as a waste stream during washing of the biochar after thermochemical 

activation. The experimental results were applied in a two-stage completely stirred 

tank reactor design. Cost estimation of AsPhA production substantiated its cost 

effectiveness and adsorption costs of selected pollutants were 5 times lower than with 

the commercial activated carbons. Based on the low-cost and high capacity, 

engineered biochar can be used as a highly efficient eco-friendly adsorbent for 

removal of heavy metal and organic micropollutants from wastewaters systems. 
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metal, Naproxen, Chlorophenol 

1. Introduction 

Industrial progress has made life more comfortable, but at the same time the natural 

environment had suffered from the effects of pollutions. The presence of metal ions, 

chlorophenols and pharmaceuticals in municipal or industrial wastewater and landfill 

leachate and their potential impact have been a subject of scientific environmental 

research for a long time (Ghasemi et al., 2014a). Because of their greater stability, 

they cannot be automatically degraded and removed from the environment (Ciopec et 

al., 2012). 

The heavy metals, such as lead, cadmium and nickel are among the most common 

pollutants found in industrial effluents in Serbia (Dalmacija et al., 2011). Even at low 

concentrations, these metals can be toxic to humans. Various industries such as 

battery manufacturing, printing, metal plating and finishing, generate huge amounts of 

wastewater contaminated with lead (Fu and Wang, 2011). Cadmium enters into the 

aquatic systems from the effluents of electroplating, smelting, alloy manufacturing, 

pigments, plastic, cadmium–nickel batteries, fertilizers, pesticides, mining, pigments 

and dyes, textile operations and refining (Zouboulis et al., 2004). Nickel have 

widespread applications in many industrial processes such as mineral processing, 

paint formulation, electroplating, batteries manufacturing, forging, porcelain 

enameling (Bhatnagar and Minocha, 2010). Pharmaceuticals and chlorophenols have 

been recognized as a hazardous class of organic micropollutants due to their extensive 

use, (eco)toxicity, potential health and long term effects towards aquatic environment 

(Barbosa et al., 2016). 

Many processes have been suggested to remove these pollutants from wastewaters. 

These processes include chemical precipitation (Grimshaw et al., 2011), ion exchange 

(Oehmen et al., 2006), coagulation and flocculation (Amuda et al., 2006), 

complexation (Camarillo et al., 2012), membrane processes (Aydiner et al., 2006), 

biosorption (Abdolali et al., 2014) and adsorption (Kwon and Jeon, 2012; Trakal et 

al., 2016; H. Wang et al., 2015). The first five conventional separation methods have 

many disadvantages for instance, the high capital and operational cost, the production 

of large amount of heavy metal sludge and possible generation of secondary 

pollutions resulting in high disposal costs (Albadarin et al., 2012). In contrast, 

biosorption and adsorption technique is one of the preferred methods due to its 

simplicity as well as the availability of wide range of sorbents (Ghaedi et al., 2015). 

The cost of adsorption technology application can be reduced, if the adsorbent is 

cheap. So, there is a constant search for alternate “low-cost” adsorbents, as 

technologically optimal and cost effective solutions. Adsorption on activated carbons 

and biochars is still regarded by far more advantageous due to their high specific 

surface area and pore volume, relatively “low-cost” and simplicity of designs. 

Conventional adsorbents such as granular or powdered activated carbons are not 

always popular for the wastewater treatment as they are not economically viable and 

technically efficient (Delgado et al., 2012; Li et al., 2010). In recent years growing 
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research interest in the production of “low-cost” and highly efficient biochar based 

adsorbents has been focused on the relatively cheap and effective raw materials with a 

high carbon and low inorganic content, for like biomass waste materials, such as 

agriculture residues, fruit industry waste and various solid organic substances. 

Biochar is a pyrogenic carbon material produced by combustion of biomass under 

oxygen limited conditions (Mohan et al., 2014). Techniques have been developed to 

produce engineered biochars with enhanced adsorption ability. The engineered 

biochars are prepared through either surface modification of pristine materials or 

direct pyrolysis of pretreated biomass feedstocks (S. Wang et al., 2015a, 2015b). A 

number of studies have been reported for heavy metal ions and some organic 

micropollutants removal by using different biochar, such as rice straw (Han et al., 

2013), empty fruit branch (Mubarak et al., 2013), digested dairy waste (Inyang et al., 

2012), agriculture wastes (Mandal et al., 2017), Cocos nucifera L. (Wu et al., 2017), 

apple pulp (Depci et al., 2012), tamarind wood (Acharya et al., 2009), peach stone 

(Duranoĝlu et al., 2010), cherry and plum kernels (Pap et al., 2017, 2016), etc. 

Detailed analysis of the efficiency in removal of chlorophenols from aquatic systems 

using biochar has not been published yet.  

In this study, Prunus armeniaca stones lignocellulosic biomass derived from fruit 

industry by-product has been used for engineering biochar as a new adsorbent for 

removal of Pb
2+

, Cd
2+

, Ni
2+

 ions, chlorophenols and naproxen from aqueous solution. 

These substances were selected from those presenting a significant risk to or via the 

aquatic environment, using the approaches outlined in Annex II of Directive 

2008/105/EC and NORMAN List of Emerging Substances (EU, 2008; NORMAN 

Network, 2011). Biochar functionalization was performed by thermochemical 

conversion at 500 ºC with 50 vol. % phosphoric acids. A detailed characterization of 

the AsPhA was performed through various instrumental analyses. The influence of 

several important operating parameters, such as initial pH of water media, AsPhA 

dosage, contact time, temperature and initial adsorbate concentration were studied in 

batch mode. Furthermore, the adsorption kinetics, equilibriums and thermodynamics 

of Pb
2+

, Cd
2+

 and Ni
2+

 ions were also investigated. The desorption study showed that 

filtrate may recover up to 95 % of the adsorbate. Completely stirred tank reactor 

(CSTR) has ability to provide the best contact between powdered biochar and water to 

be treated consequently. This study was performed to enhance knowledge about the 

adsorption capacity of the AsPhA in a CSTR, for heavy metals contaminated graphic 

industry wastewaters. The knowledge of this evolution will help operators to manage 

the powdered biochar in order to optimize its utilization. For the first time, the cost 

involved in AsPhA preparation was calculated to account the cost effectiveness. In 

addition, engineered biochar shows a great affinity toward chlorophenols and 

naproxen, which allows its successful implementation in the field of green separation 

technology for specific organic residues wastewater treatment. 

2. Methods 

2.1 Materials, equipment and detection methods 
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All chemicals and reagents used were of analytical reagent grade. Lead nitrate 

(Pb(NO3)2), cadmium sulfate octahydrate (3CdSO4·8H2O), nickel nitrate hexahydrate 

(Ni(NO3)2·6H2O), concentrated hydrochloric acid (HCl), ammonium hydroxide 

(NH4OH) were supplied by Fisher Scientific. Stock solutions were prepared and 

diluted to the required concentrations using deionized water (EASYpure® II 

Reservoir Feed Water Purification System). In order to make standard solution for 

experiments, the stock solution containing naproxen was prepared dissolving 

naproxen standard (Fisher Scientific) with 10 mL of deionized water and then 10 mL 

acetonitrile (HPLC grade, Sigma-Aldrich, Germany). After that 10 mL of 0.05 % 

CH3COOH, 250 mL of glacial CH3COOH (Zorka Pharma), diluted in volumetric 

flask of 500 mL filled with milli-Q water, and another 10 mL of acetonitrile were 

added. Aqueous solution is then transferred in volumetric flask and filled with ultra-

pure water to the fixed volume of 500 mL. The chlorophenols used in this research 

(2,4 – dichlorophenol, 2,4,6 – trichlorophenol, 2,3,4,6 – tetrachlorophenol and 

pentachlorophenol) and brominated phenols surrogate standards (2,4-dibromophenol 

and 2,4,6-tribromophenol) were purchased from LGC Standards - Dr. Ehrenstorfer 

GmbH. After each experiment chlorophenols and bromophenols were derivatized to 

acyl derivatives directly in the water samples with acetic anhydride, under basic 

conditions. 

After adsorption, the samples were filtered with Macherey-Nagel filter paper (MN 

640m). The Pb
2+

, Cd
2+

 and Ni
2+

 content in the supernatant is measured using flame 

atomic absorption spectrometry (FAAS, model Thermo Scientific S Series) with an 

air - acetylene flame. Naproxen concentrations were determined by HPLC (High 

Performance Liquid Chromatography, Agilent 1200 series). Separation was achieved 

with a type-C18 chromatography column (Zorbax Eclipse XDB-C18, 4.6 mm x 150 

mm, particle size 5 μm); flow rate: 1 mL min
-1

; column temperature: 30 °C; injection 

volume: 15 μL; mobile phase: 0.05 % CH3COOH: acetonitrile (HPLC grade, Sigma-

Aldrich, Germany) = 55:45; run time = 18 min; detection: 280, 220, 230 and 254 nm. 

The investigated chlorophenol compounds were extracted using liquid-liquid 

extraction technique with dichloromethane as solvent. The chlorophenols (in the form 

of acyl derivatives) were quantitatively analyzed against the internal surrogate 

standards using gas chromatography–mass spectrometry (GC-MS, model Agilent 

7890B, with HP5-MS capillary column, 30 m × 0.25 mm, film 0.25 μm). 

2.2. Preparation of biochar 

Locally available apricot stones were collected from fruit plantation located near Novi 

Becej (Serbia), and washed in tap water prior to separation of the peels. The apricot 

stones (kernels and shells) were crushed in a mechanical mill and dried on the natural 

conditions. The milled raw materials were impregnated with a weighed amount 50 wt. 

% H3PO4 aqueous solution and the mixture was allowed to stand for next 24 h at room 

temperature (22.0±1 ºC). Thereafter, the impregnated samples were introduced into an 

electric furnace and further heat treated at 500 °C. During the first phase of 

functionalization, the samples were heated at a rate of 10 ºC min
-1

 to 180 ºC and held 

at this temperature for 45 min in an atmosphere near absence of oxygen. In the second 
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phase, at the identical atmosphere conditions, the samples were heated at a rate of 10 

ºC min
-1 

to 500 ºC and held for the next 60 min. Following pyrolyzation, the samples 

were cooled, and then thoroughly washed sequentially with distilled water until the 

washing water reached a stable pH of 5. The samples were then dried at 110 ºC for 3 h 

prior to analysis. The particle size distribution of the biochar obtained was determined 

to be between 100 and 200 μm. Prepared biochar after H3PO4 treatment and 

pyrolyzation will be indicated as AsPhA (Apricot stones Phosphoric Acid). 

2.3. Point of zero charge (pHpzc) and cation-exchange capacity (CEC) 

The pH “drift” method was conducted to determine the pHpzc (point of zero charge) of 

AsPhA. That is pH when the charge in the biochar surface is zero. The procedure of 

this method can be described as follows: 0.1 g of AsPhA was taken to nine 50 mL 

plastic bottles containing 30 mL of 0.1 mol L
-1

 KNO3 with adjusted pH values from 2 

to 10 (pHinitial). The plastic vials were sealed and placed in a mechanical stirrer 

Heidolph Unimax 1010 (Heidolph, Germany) for 24 h. After 24 h, the content of the 

flasks was filtered, the pH of solutions was measured using pH meter WTW SenTix® 

41 (WTW, Germany) and noted as pHfinal. The pHpzc of biochar is the point when 

pHinitial = pHfinal (Prahas et al., 2008). 

In order to measure approximately the cation-exchange capacity (CEC) of biochar, the 

release of Na
+
, K

+
, Mg

2+
 and Ca

2+
 from deionized water washed biochar was 

determined by flame atomic absorption spectrometry (FAAS, model Thermo 

Scientific S Series). The procedure was carried out contacting 500 mg of AsPhA with 

100 mL of deionized water for 60 min (Fiol et al., 2006). 

2.4. Characterization of biochar 

Elemental analysis (relative content of carbon, hydrogen, nitrogen and sulfur in 

AsPhA) was performed by Vario EL III C, H, N, S/O Elemental Analyzer (Elementar, 

Germany). The oxygen contents were calculated by difference. 

Total ash content of biochar was determined by the American Standard Test Method 

D2866-94 method. 

The yield of biochar, which is an indication of production process mass efficiency, is 

the amount of biochar produced at the end of the production step. The following 

equation is used for calculating the yield of biochar: 

100(%)
0

0 



w

ww
Yield c                                                                                              (1) 

Where w0 is the mass of material before preparation (g), wc is the mass of material 

after preparation (g). 

The morphologies of the AsPhA was examined by scanning electron microscopy 

(JSM 6460LV instrument, JEOL, USA) equipped with an EDX attachment. The 

specific surface area (SBET) of AsPhA was evaluated using the Brunauer - Emmet - 

Teller equation by the nitrogen adsorption data with Autosorb iQ instrument 

(Quantachrome, USA). Total pore volume (Vtot) was calculated by converting the 

amount of nitrogen adsorbed to the volume of liquid nitrogen at a relative pressure of 
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0.95. Vmic was determined by nitrogen adsorption isotherms using Dubinin–

Radushkevich equation. Mesopore volume (Vmes) was obtained by subtracting Vmic 

from Vtot. Fourier transform infrared (FTIR) spectroscopy were also performed using 

a spectrometer (Nexus 670, Thermo Nicolet, USA) to determine the functional groups 

of the biochar, at wavenumbers from 400 to 4000 cm
-1

. 

2.5. Batch adsorption experiments 

The adsorption of Pb
2+

, Cd
2+

 and Ni
2+

 on AsPhA was studied by batch experiments. 

For all experimental studies, desired quantity of AsPhA was contacted with 50 mL of 

solutions in Erlenmeyer flasks. The flasks were then placed on a mechanical stirrer at 

140 rpm. The effects of initial pH, adsorbent dosage and temperature on percentage 

removal of Pb
2+

, Cd
2+

 and Ni
2+

 were studied by adjusting initial concentration of 

metals (100 mg L
-1

) at different initial pH (2 - 9), biochar dosage (0.2 - 10 g L
-1

) and 

temperature (22–42 °C). The pH values were adjusted by 0.1 mol L
-1

 HCl or 0.1 mol 

L
-1

 NH4OH solutions. For kinetic studies, experiments were conducted with 50 mL 

adsorbate solution with initial concentration of metals (100 mg L
-1

) at pH 6 and 

different contact time (5 – 300 min). Adsorption isotherm parameters were obtained 

by varying the initial adsorbate concentrations (5 – 500 mg L
-1

) at pH 6. The 

percentage of adsorbate removal and equilibrium adsorption capacity, qe, were 

estimated, respectively, from the equations given below:  

100%
0

0 



C

CC
R e                                                                                                      (2) 

V
m

CC
q

e

e 



)0(

                                                                                                        (3) 

Where C0 is the initial adsorbate concentration and Ce is the residual adsorbate 

concentration (mg L
-1

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

biochar (g). 

Furthermore, the root mean square error (RMSE) and sum of the squares of the errors 

(ERRSQ) tests were used to analyze the errors in experimental data, which can be 

described as: 








N

i

cal

e

meas

e qq
N

RMSE
1

2)(
2

1
                                                                             (4) 





N

i

meas

e

cal

e qqERRSQ
1

2)(                                                                                         (5) 

Where  is the observation from the batch experiment,  is calculated 

adsorbate concentration with kinetic and isotherm models and N is the number of the 

samples. Smaller RMSE and ERRSQ mean that the equation can predict the 

experiment results more accurately (Rostamian et al., 2011). 
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2.5.1. Adsorption kinetics 

Three kinetic models including: pseudo-first order, pseudo-second order and Elovich 

equation are used to examine the experimental data in order to determine which one 

of the controlling mechanisms of adsorption process is dominant (chemical reaction, 

diffusion control, and mass transfer) (Wang et al., 2015). 

The pseudo-first kinetic model is generally expressed as follows (Lagergren, 1898): 

t
K

qqq ete 









303.2
log)log( 1                                                                                  (6) 

Where K1 (1 min
–1

) is the equilibrium rate constant of the pseudo-first order 

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

Pseudo-second-order kinetic model can be represented by the equation (Ho and 

McKay, 1999): 

t
qqKq

t

eet

11
2

2

                                                                                                         (7) 

Where K2 (g mg
–1 

min
-1

) is the pseudo-second order rate constant and it is determined 

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

Elovich equation is one of the most useful models for description of activated 

chemisorption. After simplification, Elovich equation can be expressed as follows 

(Tan and Hameed, 2017): 

)ln(
1

)ln(
1

tqt





                                                                                                (8) 

Where α (mg g
-1

 min
-1

) and β (g mg
-1

) are the constants for this model obtained from 

the slope and intercept of the linear plot of qt versus ln t. 

2.5.2. Adsorption isotherms 

In order to explain adsorption mechanism, three adsorption isotherms namely, 

Langmuir, Freundlich and Dubinin–Radushkevich (D–R) models were used. 

The linear form of Langmuir isotherm is represented by the equation (Langmuir, 

1918): 

maxmax

1

q

C

Kqq

C e

Le

e                                                                                                     (9) 

Where Ce is the equilibrium concentration of adsorbate (mg L
–1

), qe is the adsorption 

capacity at equilibrium (mg g
–1

), KL is the Langmuir equilibrium constant (L mg
-1

), 

and qmax is theoretical monolayer saturation capacity (mg g
–1

). 

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

heterogeneous adsorption centers on the surface of the adsorbent. The linear form of 

this isotherm is represented by the equation (Freundlich, 1907): 

efe C
n

Kq log
1

loglog                                                                                           (10) 
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Where Kf is Freundlich isotherm constant (L g
–1

), and n is Freundlich exponent which 

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

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

For a more precise determination of the mechanism and the nature of the adsorption 

process, in the analysis of the results was also used Dubinin–Radushkevich isotherm, 

which is given by the equation (Dubinin et al., 1947): 

2lnln DRDRe Kqq                                                                                                 (11) 

Where qe (mg g
-1

) is adsorption capacity, qDR (mg g
-1

) is maximum adsorption 

capacity and KDR (mol
2
 J

-2
) is the activity coefficient related to the mean free 

adsorption energy E (kJ mol
-1

) according to the equation: 

DRK
E

2

1


                                                                                                            (12) 

The parametar ε is the Polanyi potential, which is calculated from the equation: 













eC
RT

1
1ln                                                                                                      (13) 

where R is the gas constant (8.314 J mol
-1

 K
-1

), T is the absolute temperature (K) and 

Ce is equilibrium concentration of adsorbate in the solution (mg L
-1

). 

2.6. Desorption and regeneration studies 

Adsorption and desorption properties indicate usability of the biochar for the 

commercial applications. It is important that the biochar is easily regenerated and the 

desorbing agents are effective, cheap and non-damaging for the adsorbent structure 

(Kołodynskaska et al., 2017). Desorption study was carried out in a similar way to 

that of adsorption batch studies. AsPhA sample (3.0 g L
-1

) was treated with solution 

of Pb
2+

, Cd
2+ 

and Ni
2+

 at the temperature 22 °C, during 60 min. After the treatment, 

desorption experiment was performed with diluted H3PO4. After washing and drying 

the biochar was reused in 3 repeated adsorption-desorption cycles. A diluted 

phosphoric acid was produced as a waste stream during washing of the biochar after 

pyrolyzing at 500 °C. Desorption efficiency was calculated using the following 

equation: 

100
a

d
E

q

q
d                                                                                                              (14) 

Where dE is desorption efficiency (%); qd is amount of metal ions desorbed (mg g
−1

); 

qa is adsorption capacity of metal ions adsorbed on the biochar (mg g
−1

). 

3. Results and discussion  

3.1. Characterization of biochar 

The results of the elemental analysis of biochar are shown in Table 1. As it can be 

seen from Table 1, the prepared biochar contains mainly carbon (67.3 %) and oxygen 
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(29.9 %) with small amounts of hydrogen (1.9 %) and nitrogen (0.3 %). Sulfur is not 

detected in samples. A high carbon and low ash content (4.46 %) of AsPhA indicates 

that the precursor is suitable for biochar production with H3PO4 activation agent. 

The product yield is an important measure of the feasibility of biochar preparation 

from a given precursor. The production yields indicate the ability of H3PO4 activation 

agent to retain carbon and to avoid the loss of otherwise volatile materials 

(Benadjemia et al., 2011; Yakout and Sharaf El-Deen, 2016). The effects of the 

activation temperature and on the yields of biochar are shown in Table 1. With 

increase in the activation temperature, the yield of biochar decreased from 84.2 to 

75.3 %. However, preliminary experimental results indicate that the higher activation 

temperature affects the development of porosity and therefore the larger adsorption 

capacity. A weight loss of 10 % from 400 ºC to 500 ºC is acceptable, therefore 

biochar produced at 500 ºC served as the fundamental basis for selection of the 

operating conditions for the further course of study. 

Based on the amount of generated waste materials and the yield of preparation 

process, approximate annual production of biochar was calculated. About 10 000 tons 

of apricot stones are produces in Serbia every year. If the production yield is 75 % it 

can be concluded that 7 500 t year
-1

 of biochar can be produced in Serbia from these 

types of waste materials. 

The surface morphology of the prepared AsPhA was characterized by SEM-EDX. 

The SEM micrograph with 1000x magnification presented in Fig. 1a shows the 

heterogeneous surface and porous nature of the biochar before adsorption. The pores 

observed by SEM analysis are in micrometer range and these pores are considered to 

act as channels for the microporous network of the biochar. AsPhA had conciderable 

number of pores which showed a good possibility for Pb
2+

, Cd
2+

 and Ni
2+

 ions to be 

adsorbed into these pores. 

The SEM-EDX analysis revealed that Pb
2+

, Cd
2+

 and Ni
2+

 ions were not uniformly 

distributed onto the surface of biochar and adsorption of metal ions causes a series of 

morphological alteration of the surface which are reflected in partial distortion of pore 

structure. Pores become more deformed, and not so marked as they were before 

adsorption. White aggregates were detected in the SEM micrographs (Fig. 1b), the 

EDX spectra of those spots gave a high signal corresponding to lead, cadmium and 

nickel elements, which is direct evidence that the adsorption of the investigated ions 

actually occurred. 

The main textural properties of AsPhA are summarized in Table 2. For a comparative 

purpose, the characteristics of other biochars from apricot stones available in the 

recent literature are reported and one can see that AsPhA is more suitable than the 

most of the other ones. The engineered biochar had a BET surface area 1099 m
2
 g

-1
. 

Porous structure of biochar contains a wide range of pore sizes. For practical reasons, 

they are classified into three groups; micropores (pore size smaller than 2 nm), 

mesopores (pore size up to 50 nm), and macropores (pore size larger than 50 nm) by 

the International Union of Pure and Applied Chemistry (IUPAC) (Worch, 2012). The 

microporous volume of AsPhA is 0.391 cm
3
 g

-1
, which accounts for 77 % of the total 

volume (0.505 cm
3
 g

-1
). The mesopore volume of AsPhA is 0.022 cm

3
 g

-1
. These 
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results confirmed that micro- mesoporous structure with micropore-dominated exists 

in AsPhA. The high specific surface area and micro- mesoporous structure are in 

favor of obtaining high adsorption capacitance for the metal ions. 

A porous structure is crucial for determination of the adsorption capacities but the 

surface chemistry of biochar should not be ignored. In this regard, the FTIR spectrum 

is useful to get information about the chemical structure and functional groups. FTIR 

spectrum of AsPhA is shown in Fig. 2 before (a) and after adsorption (b). The broad 

band at 3412.15 cm
-1

 is attributed to hydrogen bond (–O–H) in carboxyl, phenols, 

alcohols, and the absorbed water. The bands located at 2922.28 and 2846.69 cm
-1

 

correspond to C-H vibrations of methyl and methylene groups. The band at 1560.01 

cm
-1

 is ascribed to carbonyl C=O group which suffers from minor overlapping with 

C=C aromatic ring stretching vibration. The wide bands at 986.74 and 1160.17 cm
-1

 

have been assigned to C–O stretching in acids, alcohols, phenols, ethers and/or esters 

groups. Whereas, it is also a characteristic of phosphorous species in the phosphoric 

acid activated carbons, but assignment in this region is difficult because absorption 

bands are overlapped. Bands in this region may be also assigned to hydrogen-bonded 

P=O, O-C stretching vibrations in P-O-C of aromatics and P=OOH while the intense 

band at 1067.69 cm
-1

 is attributed to alcohol groups (R-OH). The shoulder at 1100 

cm
−1

 was ascribed to ionized linkage P+―O− in acid phosphate esters, and to 

symmetrical vibration in a P―O―P chain. At the low wavenumber district C–C 

stretching is signified at 482.70 cm
-1

 (Benadjemia et al., 2011; Zhu et al., 2016). 

The external surface of AsPhA is rich with functional groups, containing oxygen of 

carboxylic, carbonyl, phenolic and phosphocarbonaceous compounds. The presence 

of acid functional groups on AsPhA surface is also suggested by the pHpzc value 

(3.98), which indicates the acid character of the engineered material (Kaouah et al., 

2013). These functional groups have a high affinity toward heavy metal ions. FTIR 

spectrum of metal adsorbed AsPhA shows low transmittance intensity and the shifted 

peak locations at different frequencies due to Pb
2+

, Cd
2+

 and Ni
2+

 adsorption (Rai et 

al., 2016). With the metal loaded biochar, it is seen that the peak at 2922.28 cm
−1

 

shifted to 2923.57 cm
−1

, the peak at 2846.69 cm
−1

 shifted to 2850.95 cm
−1

, with a 

decreased intensity, the peak corresponding to 1560.01 cm
−1

 shifted to 1557.06 cm
−1

, 

1160.17 cm
−1

 shifted to 1154.11 cm
−1

 and 986.74 cm
−1

 shifted to 979.70 cm
−1

. These 

shifts indicate that functional groups involved in the adsorption and binding processes 

exist on the surface of biochar (Lalhruaitluanga et al., 2011). 

3.2. Parametars influencing adsorption 

3.2.1. Effect of solution pH on adsorption 

Influence of pH on the AsPhA adsorption capacity for Pb
2+

, Cd
2+

 and Ni
2+

 ions was 

studied in the pH range 2.0 - 9.0. The solutions of single heavy metal ion (100 mg L
-1

) 

were in contact with the biochar (2.0 g L
-1

) for 30 min at 22.0 ± 1 °C. At initial pH 

values of 7.0, hydroxide precipitation occurred for all metal ions. Thus, at the pH 

values higher than 7.0, increase of adsorption capacity of the AsPhA cannot be 

attributed to the process of adsorption alone. Fig. 3 shows that the adsorption capacity 
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of metal ions increased with increase in pH values in all cases. However, the change 

in Cd
2+

 and Ni
2+

 adsorption was much more obvious than that of Pb
2+

 in the pH range 

2.0-7.0 (e.g., Pb
2+

: 36.6–47.7 mg g
-1

, Cd
2+

: 7.0–45.5 mg g
-1

 and Ni
2+

: 7.9–21.9 mg g
-1

) 

which can be attributed to characteristics of the cadmium and nickel ion. Adsorption 

of metals having a large ionic radius (Pb
2+

) is greater than adsorption of ions with 

smaller ionic radius (Cd
2+

 and Ni
2+

) (Al-Asheh and Duvnjak, 1998; Anirudhan and 

Sreekumari, 2011; Jang et al., 2005; Tobin et al., 1984). The pH is one of the most 

important factor on adsorption process influencing not only the site dissociation but 

also the chemistry of the heavy metals (El-Hendawy, 2009; Wang et al., 2015). 

The low adsorption uptake for Pb
2+

, Cd
2+

 and Ni
2+ 

observed at lower pH might be due 

to the higher concentration and mobility of H
+
 ions in the solution. At lower pH 

values, the surface of the biochar was more positively charged, thus it was surrounded 

by hydroxonium ions and the electrostatic repulsive force between the heavy metal 

ions and the charged surface (Abdelhafez and Li, 2016; Cui et al., 2016; Tan et al., 

2016). On the other hand, the pHpzc of a biochar is a very important characteristic that 

determines the pH at which the surface has net electrical neutrality. The point of zero 

charge for AsPhA is found to be 3.98. At above pHpzc the surface of biochar is 

negative and there is a strong electrostatic attraction between surface groups and Pb
2+

, 

Cd
2+

 and Ni
2+ 

ions. Supposedly, quite low value of pHpzc = 3.98 of AsPhA suggested 

higher uptake of metal ions, especially at higher pH (Mohammadi et al., 2014). 

Based on the obtained results related to the effect of pH on Pb
2+

, Cd
2+

 and Ni
2+ 

adsorption,
 
as an optimum pH value for the further experiment, pH 6 was selected. 

3.2.2. Effect of biochar dosage 

The effect of the adsorbent dose was investigated at the initial concentrations of the 

investigated metals of 100 mg L
-1

 at 22.0 ± 1 °C and pH 6.0, varying the 

concentration of AsPhA from 0.2 to 10.0 g L
-1

. It is observed from Fig. 4 that the 

removal % of metal ions increased as the dose of biochar increased. This may be 

attributed to the increased adsorbent surface area, pores and the number of 

unsaturated sites (Lalhruaitluanga et al., 2010). Pb
2+

 and Cd
2+

 removal increases from 

12.5 to 95.1 % and from 28.6 to 94.1 % when AsPhA dose is increased from 0.2 to 

2.0 g L
-1

. As shown in Fig. 4, there is an increase in removal efficiency of Pb
2+

 and 

Cd
2+

 ions when biochar dose increased and after 2.0 g L
-1

 of AsPhA dose the 

equilibrium was established. As it plateaued, 2 g L
-1

 was considered as optimum dose 

and was used for further study. Removal % of Ni
2+

 ions in the entire investigated 

range was increased. Due to the economic aspect of the usage of AsPhA, 

concentration of 2.0 g L
-1

 was also considered optimum dose for Ni
2+

 ion removal. 

3.2.3. Effect of contact time 

Influence of contact time on the AsPhA adsorption capacity for Pb
2+

, Cd
2+

 and Ni
2+

 

ions was studied in the time range 5-60 min. The solutions of single heavy metal ion 

(100 mg L
-1

) were in contact with the adsorbent (2.0 g L
-1

) at pH 6 and 22.0 ± 1 °C. 

Contact time is unavoidably the basic parameter for all mass transfer phenomena, 

such as adsorption (Stawiński et al., 2017). Fig. 5 shows that metal adsorption is fast 
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during the initial contact time and then slowly increases at higher contact time to 

reach the equilibrium at 30 min where the adsorption capacities of Pb
2+

, Cd
2+

 and Ni
2+

 

were 47.5, 45.4 and 21.9 mg g
-1

, respectively. Shaking and the concentration gradient 

on the active surface of the biochar might cause the rapid adsorption at the beginning 

of the process. The assessment of the effect of contact time on the adsorption 

efficiency showed that after 30 minutes there was no significant change in the 

adsorption rate. The results suggest that the binding of the metal ion may be through 

interactions with functional groups (Mohammadi et al., 2014). Accordingly, as the 

optimum contact time, a 30 min period was chosen for the further experiments. 

3.2.4. Effect of initial adsorbate concentration  

The influence of the initial concentration of metal ions was studied at the following 

concentrations: 5, 10, 20, 50, 100, 200, 300 and 500 mg L
-1

, while keeping all other 

parameters at optimum values: 22.0 ± 1 °C, pH of 6.0, biochar dose of 2.0 g L
-1

 and 

the contact time of 30 min. The extent of adsorption increased along with increase in 

initial metal ion concentration (Fig. 6). This increase in the extent of adsorption as a 

function of initial concentration may be due to the fact that the ratio of the initial 

number of moles of Pb
2+

, Cd
2+

 and Ni
2+

 to the available adsorption sites is high at 

higher initial concentrations (Lalhruaitluanga et al., 2010). Adsorption capacity of the 

AsPhA increased from 2.4 to 131.6 mg g
-1

 for Pb
2+

, from 2.4 to 103.5 mg g
-1

 for Cd
2+

 

and from 2.4 to 72.1 mg g
-1

 for Ni
2+

, as the initial concentrations of metal ions 

increased from 5 to 500 mg L
-1

. However, at higher initial concentration of metal ions 

there are fewer available adsorption sites of the AsPhA and hence, the removal 

percentages of metal ions are decreased. 

3.3. Adsorption kinetics 

All the parameters obtained by kinetic models, correlation coefficients and different 

errors are listed in Table 3. The three kinetic plots for adsorption of Pb
2+

, Cd
2+

 and 

Ni
2+

 ions are given in Fig. 7, 8 and 9. Among three different kinetic models, pseudo-

second order kinetic model had very high value of R
2
 for all kinetic data. The values 

of RMSE and ERRSQ about pseudo-second order kinetic model were smallest among 

the three kinetics model, respectively. All these observations suggest that the 

adsorption of Pb
2+

, Cd
2+

 and Ni
2+ 

ions on AsPhA occurs according to the mechanism 

of the second order reaction, that the metal ion bonding process is, to a large extent, 

kinetically controlled, and that it belongs to chemisorption processes. 

Data in Table 3. show the inapplicability of the pseudo-first order kinetic model and 

Elovich equation in describing the adsorption process of Pb
2+

, Cd
2+

 and Ni
2+

 ions onto 

AsPhA. That is due to the obtained negative slopes for pseudo-first order kinetic 

model and the low correlation values (R
2
) for both models. 

3.4. Adsorption isotherms 

The calculated parameters, correlation coefficients and error functions are 

summarized in Table 4. The graphical representation of these models is presented in 

Fig. 10, 11 and 12. The smallest values of RMSE and ERRSQ and the greatest values 
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of R
2
 were obtained with Langmuir model for Cd

2+
 and with Freundlich model for 

Ni
2+

 and Pb
2+

 among the three isotherms, respectively. 

All metal ions were fitted very well with the Langmuir and Freundlich isotherms. For 

Pb
2+

 and Ni
2+ 

the best fitting isotherm corresponded to Freundlich isotherm and for 

Cd
2+

 the best fitting isotherm corresponded to Langmuir isotherm. The Langmuir 

adsorption isotherm is based on the model which was developed assuming monolayer 

coverage of the adsorbent surface. According to the Langmuir model, a significant 

adsorption capacity for Pb
2+

, Cd
2+

 and Ni
2+

 ions was achieved: 179.476 mg g
-1

, 

105.844 mg g
-1

 and 78.798 mg g
-1

, respectively. Freundlich coefficient Kf, which 

represents the adsorption capacity was found to be decreased in the sequence, Cd
2+

 > 

Pb
2+

 > Ni
2+

, which is the same as that revealed by Langmuir coefficient KL (Table 4). 

The other Freundlich coefficient 1/n values fulfilled the condition of n < 0 for 

favorable adsorption. The Freundlich type adsorption isotherm is an indication of 

surface heterogeneity of the adsorbent. This leads to the conclusion that the surface of 

AsPhA is made of small heterogeneous patches which is favorable for adsorption 

phenomenon (Rao et al., 2009). Dubinin–Radushkevich isotherm gives information 

about rate limiting (chemical and physical adsorption), by mean adsorption energy 

(Depci et al., 2014). The EDR values of Pb
2+

, Cd
2+

 and Ni
2+

 are calculated as 1.48, 

1.61 and 1.23 kJ mol
-1

, respectively, which are lower than 8 kJ mol
-1

, leading to the 

conclusion that the investigated adsorption is physical in nature. However, in the case 

of the adsorption of Pb
2+

, Cd
2+

 and Ni
2+

 ions on AsPhA, a low R
2
 and high RMSE and 

ERRSQ was found with the Dubinin–Radushkevich model and this indicates that the 

application of this model in this research is limited. 

3.5. Adsorption thermodynamics 

Thermodynamic parameters for Pb
2+

, Cd
2+

 and Ni
2+

 ions have been analyzed in order 

to better investigate the effect of temperature on the adsorption equilibrium and the 

adsorbate diffusion within the pores of the biochar (Ghasemi et al., 2014b). The 

thermodynamic parameters, including enthalpy ΔH, entropy ΔS and Gibbs free energy 

ΔG, could be calculated according to the following equations: 

e

e

C

q
RTG                                                                                                             (15) 

R

S

RT

H
K L





ln                                                                                                   (16) 

STHG                                                                                                          (17) 

Where qe is the amount of ion adsorbed per unit mass of AsPhA (mg g
−1

), Ce is 

equilibrium concentration (mg L
−1

), T is temperature (K) and R is the gas constant 

(8.314 J mol
−1

 K
−1

).  

The plot of lnKL versus 1/T (Fig. 13) gives the straight line from which ΔHº and ΔSº 

are calculated from the slope and intercept of the linearized form. There is a good 

linear relationship with the values of the correlation coefficients R
2
 > 0.95. Table 5. 

shows the values of thermodynamic parameters for adsorption of Pb
2+

, Cd
2+

 and Ni
2+
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on AsPhA. The negative slowly increasing values of ΔGº confirms the spontaneity of 

adsorption process and indicates that the process is thermodynamically favorable (Lin 

et al., 2011). The positive value of ΔSº shows the increasing randomness at the 

solid/liquid interface during the adsorption of metal ions. Nevertheless, it indicates 

that the adsorption process onto AsPhA is entropy driven rather than enthalpy driven 

(Ghasemi et al., 2014b). The positive value of ΔHº for the Pb
2+

 and Cd
2+

 ions suggests 

that the adsorption is endothermic in nature and increasing temperature favors the 

adsorption process. The enthalpy values obtained for Pb
2+

 and Cd
2+

 suggest a 

chemisorption process with covalent bonding, while the small enthalpy value of ΔHº 

< 20 kJ mol
-1

 for Ni
2+

 confirms that the adsorption is slightly endothermic and the 

results obtained with Dubinin–Radushkevich isotherm indicates that the adsorption of 

Ni
2+

 on AsPhA is physical in nature. Significantly lower adsorption capacities for Ni
2+

 

can be attributed to the fact that physisorption mainly takes place on the surface of the 

AsPhA. The physisorption phenomenon is usually associated with the presence of 

weak bonds of van der Waals type. 

3.6. Adsorption mechanisms 

In the literature, different mechanisms for the adsorption of metal cations on 

engineered biochars have been interpreted. These include surface adsorption, 

chemisorption, ion exchange and ion trapping inside the meso and micropores. 

In subsection 3.1 from FTIR spectrum (Fig. 2) can be seen that the surface of AsPhA 

is rich in chemically reactive phosphoric and oxygen containing functional groups. 

Lignocellulose derivative phosphocarbonaceous esters and pyrophosphate species, 

chemically bonded to the AsPhA, create a better adsorption structure with a lot of 

phosphate and polyphosphate bridges that gives increased crosslink of the carbons. 

Surface adsorption is another mechanism by which metal ions may be bound to PPhA. 

This mechanism is a surface reaction where a positively charged metal ion is attracted 

to a negatively charged surface without the exchange of ions or electrons. This 

statement is additionally confirmed by the fact that the adsorption was strongly pH-

dependent. The pseudo-second order kinetic and Langmuir isotherm model provide 

excellent correlation with the experimental data. Both models assume that the AsPhA 

surface, containing reactive functional groups, is homogenous and that the operating 

adsorption mechanism is chemisorption. The cation-exchange capacity resulted to be 

0.571 mmol g
−1

 biochar (Table 1). Thus, it seems that ion-exchange must be involved 

in the adsorption of metal ions, but it is not the most important mechanism. 

It is always important to predict the rate-limiting step in an adsorption process to 

understand the mechanism. For a solid/liquid adsorption process, the adsorbate 

transfer is usually characterized by either external mass transfer or intraparticle 

diffusion or both (Acharya et al., 2009). In most cases, three types of mechanisms 

take place in the adsorption process by a porous adsorbent: (1) film diffusion, 

migration of the metal ions from solution to the external surface of the adsorbent; (2) 

particle diffusion, migration of the metal ions into the pores of the adsorbent; and (3) 

adsorption of the metal ions on the interior surface of the adsorbent (Gottipati and 

Mishra, 2016). 



15 

 

The above mentioned kinetic models were not able to identify the diffusion 

mechanism when the intraparticle diffusion model was studied. Weber–Morris kinetic 

model of intraparticle diffusion is given in equation: 

CtKq it  2/1                                                                                                           (18) 

Where Ki (mg g
–1

 min
–1/2

) is the intra particle diffusion rate constant and it is 

determined from the plot of qt as a function of t
1/2

. 

For intraparticle diffusion plots of metal ions, the first, sharper region is the 

instantaneous adsorption or external surface adsorption. The second region is the 

gradual adsorption stage where intraparticle diffusion is the rate limiting. In the case 

of Pb
2+

 and Cd
2
, the third region exists, which is the final equilibrium stage where 

intraparticle diffusion starts to slow down due to the extremely low metal ion 

concentrations in the solutions (Hameed et al., 2008). From Fig. 14 and Table 6, the 

trend lines of the second and third stages didn’t pass through the origin and the 

correlation coefficients, indicating that the intraparticle diffusion was not the only rate 

limiting step in the adsorption process. The results implied that the adsorption of 

metal ions were rapid, as the metal ions diffused quickly among the particles at the 

beginning of the adsorption process, then slowed down by the intraparticle diffusion, 

and finally stabilized (Tan and Hameed, 2017). The intraparticle diffusion rate 

constant obtained from the plot was calculated from the slope of each of the linear 

line and the results obtained are summarized in Table 6. 

Boyd’s model was used to determine the actual slow step in the adsorption of metal 

ions onto the biochar. Boyd kinetic equation is represented as (Acharya et al., 2009): 

)exp(
6

1
2 tBF 


                                                                                                 (19) 
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Where qe is the amount of metal ion adsorbed at equilibrium (mg g
-1

) and qt 

represents the amount of metal ion adsorbed at any time t (min), F represents the 

fraction of adsorbate adsorbed at any time t, and Bt is a mathematical function of F. 

Eq. (19) can be rearranged by taking the natural logarithm to obtain the equation: 

)1ln(4977.0 FBt                                                                                             (21) 

The calculated Bt values were plotted against time t (min), as shown in Fig. 15. If the 

plots are linear and pass through origin, then the slowest (rate controlling) step in the 

adsorption process is the internal diffusion. The plots for Pb
2+

 and Ni
2+

 show a non-

linear trend where the trendlines did not pass through the origin. Thus, it could be 

concluded that the external mass transport mainly governed the adsorption process 

where intraparticle diffusion was the rate limiting step (Tan et al., 2016). From Fig. 

15, can be seen that the plot for Cd
2+

 is non-linear but passes though the origin 

suggesting that the adsorption process is mostly controlled by internal diffusion. 
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The calculated Bt values were used to calculate the effective diffusion coefficient, Di 

(m
2
 s

-1
) using the relationship: 

2

2

r

D
B i
                                                                                                                   (22) 

Where Di is the effective diffusion coefficient of adsorbate in the adsorbent phase and 

r is the radius of the biochar particles. The Di values for Cd
2+

, Pb
2+

 and Ni
2+

 were 

found to be 3.0 × 10
−11

, 2.3 × 10
−11

, and 1.4 × 10
−11

 m
2
 s

-1
, respectively. 

The external mass transfer coefficients for metal ions adsorption were determined 

using a diffusion model referred as the Furusawa and Smith model (Furusawa and 

Smith, 1973): 
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Where Ct is the concentration at time t (mg L
-1

), C0 is the initial metal ions 

concentration (mg L
-1

), m is the mass of the adsorbent per unit volume (g L
-1

), K the 

constant obtained by multiplying Langmuir’s constants KL and b (L mg
-1

), βL the mass 

transfer coefficient (cm s
-1

) and SS is the outer surface of adsorbent per unit volume of 

particle (1 cm
-1

). The value of SS was calculated using the following relation: 

)1(

6

pp

S
d

m
S

  
                                                                                                     (24) 

Where dp, δρ and εp are the diameter, density and porosity of the biochar particles, 

respectively.  

The values of β1 (9.6 × 10
−6

, 1.4 × 10
−6

 and 5.6 × 10
−7

) calculated from the slopes and 

intercepts of the plots (Fig. 16) of ln(Ct/C0 − (1/1 + mK)) versus t (min) for Pb
2+

, Cd
2+

 

and Ni
2+

, recpectively. The values of β1 obtained show that the rate of “film diffusion” 

was rapid enough. Therefore, the external mass transfer is not a determining stage in 

the adsorption process. The reason for this can be probably attributed to the efficient 

stirring of suspension during the experiments. Although it is agreed that during the 

initial stage of adsorption (first minutes), the intra-particle resistance is negligible, and 

the transport of the metal ions toward the adsorbent is mainly ensured by the external 

diffusion mechanism (Öztürk and Malkoc, 2014). It can also be mentioned that the 

deviation of some of the points from the linearity of the plots indicated the varying 

extent of mass transfer at the initial and final stages of the adsorption (Acharya et al., 

2009).  

3.7. Desorption and regeneration studies 

From an economic point of view, the regeneration capability of the biochar is very 

important. Desorption studies help the recovery of the metal ions and the recycling of 

the saturated adsorbent. The use of thermal activation to regenerate the biochar could 

require high energy and adsorbent loss in each cycle (Lalhruaitluanga et al., 2010). 

Hence, as a desorption agent a diluted H3PO4 was used (chemical regeneration). This 
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H3PO4 was produced as a waste stream during washing of the biochar after production 

procedure. It is apparent from Fig. 17 that the adsorption and desorption were 95% 

and 89%, respectively after the first regeneration cycle for Pb
2+

. After third 

regeneration cycle adsorption and desorption decreased down to 89% and 64% 

respectively. On the results in Fig. 17 the same tendencies for Cd
2+

 can be seen. After 

three cycles, the Ni
2+

 adsorption capacity of the biochar decrease from 46 % to 39 %. 

These results demonstrated promising regeneration potential of the AsPhA which 

could be used successfully 3 times after regeneration for the removal and recovery of 

metal ions from aqueous wastes. Heavy metals can be effectively removed from 

metal-laden biochar using dilute acids. In contrast to strong acids (HCl, H2SO4), 

H3PO4 has slightly negative impact of the adsorption abilities and structure of the 

regenerated biochar and also has very high capacity to desorb metals. During the 

regeneration process metal binding active sites are released on the biochar surface. 

The metal ions desorbed from the biochar could be recycled and returned to factories 

as a raw material, rather than being deposited in landfill as waste. One of the 

processes is separation in pure form by electrolysis or, if extraction of pure metals is 

not relevant, by chemical precipitation. Based on these characteristics, AsPhA can be 

classified as an economical and environmentally friendly separation medium for water 

purification. 

3.8. Comparison with other adsorbents 

The adsorption efficiency for Pb
2+

, Cd
2+

 and Ni
2+

 ions from the water by different 

alternative biochars is a subject of numerous research studies. Comparison of the 

published results and the results of this research is shown in Table 7. 

The biochar prepared in this work had a relatively large adsorption capacity 179.48, 

105.84 and 78.80 mg g
-1

 for Pb
2+

, Cd
2+

 and Ni
2+

, respectively, compared to some 

other adsorbents reported in the literature. Of mentioned adsorbents, Glycyrrhiza 

glabra residue has adsorption capacity 200.00 and 166.70 mg g
-1

 (initial metal ion 

concentration 700 mg L
-1

 and 0.1 g of adsorbent) for Pb
2+

 and Ni
2+

, respectively, 

which is greater than for AsPhA. Canna indica has greater adsorption capacity of 

188.80 mg g
-1 

for Cd
2+

 (initial metal ion concentration 200 mg L
-1

 and 0.03 g of 

adsorbent) on the similar preparation conditions of adsorbent (pyrolysis for 2 h at 500 

°C).  

3.9. Two-stage CSTR reactor design 

Adsorption isotherm studies can also be used to predict the design of single- or two-

stage adsorption systems (Alkan et al., 2008; Demirbas et al., 2009). The schematic 

diagram for a two-stage CSTR is shown in Fig. 18. The volume, V (L), is the total 

volume to be treated and is therefore the same for both adsorption steps. The pollutant 

concentration is reduced from C0 to C1 and C2 (mg L
-1

) in the adsorption process. The 

amounts of biochar added is mAC,1 and mAC,2 (g) of adsorbate-free solid and the metal 

concentration changes from q0 = 0 to qe1,2. The mass balance equates the metal 

removed from the liquid to the one picked up by the biochar for both process steps. 
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The adsorbent loadings, qe1 and qe2, have to be substituted by the isotherm equation. 

In the case of the adsorption of metal ions on AsPhA, the Freundlich isotherm gives 

the best fit to experimental data. For the Freundlich equation, the total material 

balance reads: 
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Eq. 27 permits analytical calculation of the biochar solution ratio for a given change 

in solution concentration, C0 to C1,2. 

In order to assess the efficiency of AsPhA to remove metals ions from a real sample, 

the adsorption study with graphic industry wastewater samples after the secondary 

treatment in a batch mode was done. Fig. 19 shows of plots derived from Eq. 27 for 

the adsorption of metal ions on AsPhA. An initial metal concentration of 4.28 mg L
-1 

is assumed and the figure shows the amount of effluent which can be treated to reduce 

the metal content by 90 % in first CSTR and additionally 99 % in second CSTR using 

various masses of biochar. 

The results showed that approximately 1.5 kg of biochar was sufficient to treat 1 m
3
 

of heavy contaminated water (Cd
2+

, Pb
2+

 and Ni
2+

) in two-stage CSTR process. 

3.10. Cost estimation of AsPhA 

Successful implementation of technique for adsorbate removal from aqueous waste 

effluents in commercial field depends largely on four factors: the cost of raw 

materials, the cost of biochar production, biochar properties and reuse, ability to use 

in treatment of real waste effluents (Banerjee et al., 2016). 

The cost involved in production of biochar from apricot stones has not been reported 

yet as per literature review. Production cost of adsorbent consists of various steps viz., 

collection of raw meterial, preparation of biochar and reusability. Compared to other 

biochar products derived from plant biomass the cost estimation of AsPhA production 

suggests that biochar preparation from the apricot stones is a cost effective process. 

Net cost for AsPhA production was only 642 USD per ton. 

Therefore, the present study confirmed that AsPhA, as cost-effective, eco-friendly and 

viable biochar, could be justifiably used for the treatment of wastewater containing 

lead, cadmium and nickel. 

3.11. Preliminary adsorption study for naproxen and chlorophenols on AsPhA 

In order to estimate the affinity of AsPhA for pharmaceutical compounds, the 

influence of the adsorbent dosage and naproxen initial concentration was investigated. 

Different dosages of biochar were used in 50 mL of a solution with different initial 

naproxen concentrations. pH was adjusted to pH 6 using 0.1 mol L
-1

 solution of 

NH4OH. The flasks were then placed on a mechanical stirrer and shacked for 3 h at 



19 

 

140 rpm. Finally, the suspensions were filtered and the filtrates were further treated 

according to the procedure for analysis of naproxen. 

From the Fig. 20 it is clearly seen that the increase in the adsorbent mass and decrease 

the naproxen initial concentration lead to the increase in the efficiency of removal. By 

using 1 g L
-1

 of the biochar in model solutions on initial naproxen concentration 10 

mg L
-1

, a removal efficiency of over 95 % can be achieved. This paper presents only 

preliminary results of this experiment. 

Another group of the investigated organic micropollutants was chlorophenols. Three 

different dosages of biochar were used: 2, 10 and 20 mg in 100 mL of a solution with 

an initial concentration of chlorophenols of 500 ng L
-1

 (concentration of each 

individual chlorophenol compound in the solution). The pH was adjusted to pH 6 

using 0.1 mol L
-1

 solution of NH4OH. The flasks were then placed on a mechanical 

stirrer and shaked for 1 h at 140 rpm. Finally, the suspensions were filtered and the 

filtrates were further treated according to the procedure for analysis of chlorinated 

phenols. 

In the Fig. 21, it can be clearly seen that the increase in the adsorbent mass lead to the 

increase in the efficiency of removal of chlorophenols. The number of chlorine atoms 

has a different impact. Namely, the prepared biochar achieved removal efficiency 

higher than 80 % for all chlorophenols except from 2,3,4,6 – tetrachlorophenol. By 

using 0.2 g L
-1

 of the adsorbent in model solutions, a removal efficiency of 

approximately 80 % for dichlorophenol and trichlorophenol, 65 % for 

tetrachlorophenol and over 85 % for and pentachlorophenol can be achieved. This 

paper presents only preliminary results of this experiment. 

4. Conclusion 

(1) The novel biochar (AsPhA) was synthesized from Prunus armeniaca stones (fruit 

industry waste) by thermochemical activation with H3PO4 on 500 ºC and applied for 

the removal of Pb
2+

, Cd
2+

 and Ni
2+ 

from aqueous solutions in batch adsorption 

experiments. AsPhA has a porous and heterogeneous structure, high SBET (1098.9 m
2
 

g
-1

) and total pore volume (0.505 cm
3
 g

-1
). With the 75 % production yield it can be 

concluded that 7 500 t y
-1

 of AsPhA can be produced in Serbia from these type of 

waste materials. 

(2) The batch adsorption experiments showed that the optimal operation conditions at 

140 rpm, pH 6.0, AsPhA dosage 2 mg L
-1

 and contact time 30 min have removal 

efficiency over 95 % (100 mg L
-1

) for Pb
2+

 and Cd
2+

 and 50 % (100 mg L
-1

) for Ni
2+

 

ions. 

(3) The adsorption process of removal of heavy metals can be described by a pseudo-

second order theoretical model (chemisorption). The equilibrium data were found to 

be well represented by the Freundlich and Langmuir isotherms and the maximum 

adsorption capacity of Pb
2+

, Cd
2+

 and Ni
2+

 ions on AsPhA were 179.48, 105.84 and 

78.80 mg g
−1

, respectively. The negative values (ΔGº < 0) for all metal ions, show 

that the adsorption process is spontaneous and endothermic in nature. AsPhA can be 

regenerated and reused three times. 
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(4) The results showed that about 1.5 kg of biochar was sufficient to treat 1 m
3
 of 

heavy metal contaminated graphic industry wastewater (metal concentration 4.28 mg 

L
-1

) in two-stage CSTR process with net production cost for AsPhA of 642 USD per 

ton. 

(5) Preliminary results indicated a strong affinity of the biochar for naproxen and 

chlorophenols with removal efficiency above 95 % (10 mg L
-1

) and 85 % (500 ng L
-

1
), respectively.  

(6) Finally, performed study showed encouraging results, forecasting good 

applicability of modified Prunus armeniaca biochar as an eco-friendly, recyclable and 

highly efficient adsorbing medium. According to obtained results, the AsPhA was 

found to be a promising low-cost solution for heavy metal and organic micropollutant 

contaminated water remediation and decontamination. 
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Abstract 

This paper investigates the ability of the phosphoric acid functionalized Prunus 

armeniaca stones biochar (AsPhA) prepared by thermochemical activation to remove 

lead (Pb
2+

), cadmium (Cd
2+

), nickel (Ni
2+

), naproxen and chlorophenols from aqueous 

wastes. The engineered biochar was characterized using the Scanning Electron 

Microscopy, Energy-dispersive X-ray Spectroscopy, Fourier Transform Infrared 

Spectroscopy and Brunauer, Emmett and Teller technique. The batch studies were 

performed by varying the initial pH of the solution (2 - 9), adsorbent dosage (0.2 – 10 

g L
-1

), contact time (5 – 60 min), temperature (22, 32 and 42 °C) and initial adsorbate 

concentration (5 – 500 mg L
-1

). With the optimal process conditions, the adsorption 

efficiency was over 95 % (100 mg L
-1

). The results were fitted with three kinetic and 

three equilibrium theoretical adsorption models. The adsorption process has good 

correlation with pseudo-second-order reaction kinetics. Adsorption mechanism was 

found to be controlled by pore, film and particle diffusion, throughout the entire 

adsorption period. The monolayer adsorption capacities were found to be 179.476, 

105.844 and 78.798 mg g
−1

 for Pb
2+

, Cd
2+

 and Ni
2+

, respectively. Thermodynamic 

parameters such as Gibbs energy, enthalpy and entropy were also calculated. 

Additionally, preliminary results indicated a strong affinity of the biochar for selected 

organic micropollutants: naproxen and chlorophenols. Based on desorption study 

results, biochar was successfully regenerated in 3 cycles with diluted phosphoric acid 

produced as a waste stream during washing of the biochar after thermochemical 

activation. The experimental results were applied in a two-stage completely stirred 

tank reactor design. Cost estimation of AsPhA production substantiated its cost 

effectiveness and adsorption costs of selected pollutants were 5 times lower than with 

the commercial activated carbons. Based on the low-cost and high capacity, 

engineered biochar can be used as a highly efficient eco-friendly adsorbent for 

removal of heavy metal and organic micropollutants from wastewaters systems. 

*Revised manuscript with no changes marked
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1. Introduction 

Industrial progress has made life more comfortable, but at the same time the natural 

environment had suffered from the effects of pollutions. The presence of metal ions, 

chlorophenols and pharmaceuticals in municipal or industrial wastewater and landfill 

leachate and their potential impact have been a subject of scientific environmental 

research for a long time (Ghasemi et al., 2014a). Because of their greater stability, 

they cannot be automatically degraded and removed from the environment (Ciopec et 

al., 2012). 

The heavy metals, such as lead, cadmium and nickel are among the most common 

pollutants found in industrial effluents in Serbia (Dalmacija et al., 2011). Even at low 

concentrations, these metals can be toxic to humans. Various industries such as 

battery manufacturing, printing, metal plating and finishing, generate huge amounts of 

wastewater contaminated with lead (Fu and Wang, 2011). Cadmium enters into the 

aquatic systems from the effluents of electroplating, smelting, alloy manufacturing, 

pigments, plastic, cadmium–nickel batteries, fertilizers, pesticides, mining, pigments 

and dyes, textile operations and refining (Zouboulis et al., 2004). Nickel have 

widespread applications in many industrial processes such as mineral processing, 

paint formulation, electroplating, batteries manufacturing, forging, porcelain 

enameling (Bhatnagar and Minocha, 2010). Pharmaceuticals and chlorophenols have 

been recognized as a hazardous class of organic micropollutants due to their extensive 

use, (eco)toxicity, potential health and long term effects towards aquatic environment 

(Barbosa et al., 2016). 

Many processes have been suggested to remove these pollutants from wastewaters. 

These processes include chemical precipitation (Grimshaw et al., 2011), ion exchange 

(Oehmen et al., 2006), coagulation and flocculation (Amuda et al., 2006), 

complexation (Camarillo et al., 2012), membrane processes (Aydiner et al., 2006), 

biosorption (Abdolali et al., 2014) and adsorption (Kwon and Jeon, 2012; Trakal et 

al., 2016; H. Wang et al., 2015). The first five conventional separation methods have 

many disadvantages for instance, the high capital and operational cost, the production 

of large amount of heavy metal sludge and possible generation of secondary 

pollutions resulting in high disposal costs (Albadarin et al., 2012). In contrast, 

biosorption and adsorption technique is one of the preferred methods due to its 

simplicity as well as the availability of wide range of sorbents (Ghaedi et al., 2015). 

The cost of adsorption technology application can be reduced, if the adsorbent is 

cheap. So, there is a constant search for alternate “low-cost” adsorbents, as 

technologically optimal and cost effective solutions. Adsorption on activated carbons 

and biochars is still regarded by far more advantageous due to their high specific 

surface area and pore volume, relatively “low-cost” and simplicity of designs. 

Conventional adsorbents such as granular or powdered activated carbons are not 

always popular for the wastewater treatment as they are not economically viable and 

technically efficient (Delgado et al., 2012; Li et al., 2010). In recent years growing 
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research interest in the production of “low-cost” and highly efficient biochar based 

adsorbents has been focused on the relatively cheap and effective raw materials with a 

high carbon and low inorganic content, for like biomass waste materials, such as 

agriculture residues, fruit industry waste and various solid organic substances. 

Biochar is a pyrogenic carbon material produced by combustion of biomass under 

oxygen limited conditions (Mohan et al., 2014). Techniques have been developed to 

produce engineered biochars with enhanced adsorption ability. The engineered 

biochars are prepared through either surface modification of pristine materials or 

direct pyrolysis of pretreated biomass feedstocks (S. Wang et al., 2015a, 2015b). A 

number of studies have been reported for heavy metal ions and some organic 

micropollutants removal by using different biochar, such as rice straw (Han et al., 

2013), empty fruit branch (Mubarak et al., 2013), digested dairy waste (Inyang et al., 

2012), agriculture wastes (Mandal et al., 2017), Cocos nucifera L. (Wu et al., 2017), 

apple pulp (Depci et al., 2012), tamarind wood (Acharya et al., 2009), peach stone 

(Duranoĝlu et al., 2010), cherry and plum kernels (Pap et al., 2017, 2016), etc. 

Detailed analysis of the efficiency in removal of chlorophenols from aquatic systems 

using biochar has not been published yet.  

In this study, Prunus armeniaca stones lignocellulosic biomass derived from fruit 

industry by-product has been used for engineering biochar as a new adsorbent for 

removal of Pb
2+

, Cd
2+

, Ni
2+

 ions, chlorophenols and naproxen from aqueous solution. 

These substances were selected from those presenting a significant risk to or via the 

aquatic environment, using the approaches outlined in Annex II of Directive 

2008/105/EC and NORMAN List of Emerging Substances (EU, 2008; NORMAN 

Network, 2011). Biochar functionalization was performed by thermochemical 

conversion at 500 ºC with 50 vol. % phosphoric acids. A detailed characterization of 

the AsPhA was performed through various instrumental analyses. The influence of 

several important operating parameters, such as initial pH of water media, AsPhA 

dosage, contact time, temperature and initial adsorbate concentration were studied in 

batch mode. Furthermore, the adsorption kinetics, equilibriums and thermodynamics 

of Pb
2+

, Cd
2+

 and Ni
2+

 ions were also investigated. The desorption study showed that 

filtrate may recover up to 95 % of the adsorbate. Completely stirred tank reactor 

(CSTR) has ability to provide the best contact between powdered biochar and water to 

be treated consequently. This study was performed to enhance knowledge about the 

adsorption capacity of the AsPhA in a CSTR, for heavy metals contaminated graphic 

industry wastewaters. The knowledge of this evolution will help operators to manage 

the powdered biochar in order to optimize its utilization. For the first time, the cost 

involved in AsPhA preparation was calculated to account the cost effectiveness. In 

addition, engineered biochar shows a great affinity toward chlorophenols and 

naproxen, which allows its successful implementation in the field of green separation 

technology for specific organic residues wastewater treatment. 

2. Methods 

2.1 Materials, equipment and detection methods 
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All chemicals and reagents used were of analytical reagent grade. Lead nitrate 

(Pb(NO3)2), cadmium sulfate octahydrate (3CdSO4·8H2O), nickel nitrate hexahydrate 

(Ni(NO3)2·6H2O), concentrated hydrochloric acid (HCl), ammonium hydroxide 

(NH4OH) were supplied by Fisher Scientific. Stock solutions were prepared and 

diluted to the required concentrations using deionized water (EASYpure® II 

Reservoir Feed Water Purification System). In order to make standard solution for 

experiments, the stock solution containing naproxen was prepared dissolving 

naproxen standard (Fisher Scientific) with 10 mL of deionized water and then 10 mL 

acetonitrile (HPLC grade, Sigma-Aldrich, Germany). After that 10 mL of 0.05 % 

CH3COOH, 250 mL of glacial CH3COOH (Zorka Pharma), diluted in volumetric 

flask of 500 mL filled with milli-Q water, and another 10 mL of acetonitrile were 

added. Aqueous solution is then transferred in volumetric flask and filled with ultra-

pure water to the fixed volume of 500 mL. The chlorophenols used in this research 

(2,4 – dichlorophenol, 2,4,6 – trichlorophenol, 2,3,4,6 – tetrachlorophenol and 

pentachlorophenol) and brominated phenols surrogate standards (2,4-dibromophenol 

and 2,4,6-tribromophenol) were purchased from LGC Standards - Dr. Ehrenstorfer 

GmbH. After each experiment chlorophenols and bromophenols were derivatized to 

acyl derivatives directly in the water samples with acetic anhydride, under basic 

conditions. 

After adsorption, the samples were filtered with Macherey-Nagel filter paper (MN 

640m). The Pb
2+

, Cd
2+

 and Ni
2+

 content in the supernatant is measured using flame 

atomic absorption spectrometry (FAAS, model Thermo Scientific S Series) with an 

air - acetylene flame. Naproxen concentrations were determined by HPLC (High 

Performance Liquid Chromatography, Agilent 1200 series). Separation was achieved 

with a type-C18 chromatography column (Zorbax Eclipse XDB-C18, 4.6 mm x 150 

mm, particle size 5 μm); flow rate: 1 mL min
-1

; column temperature: 30 °C; injection 

volume: 15 μL; mobile phase: 0.05 % CH3COOH: acetonitrile (HPLC grade, Sigma-

Aldrich, Germany) = 55:45; run time = 18 min; detection: 280, 220, 230 and 254 nm. 

The investigated chlorophenol compounds were extracted using liquid-liquid 

extraction technique with dichloromethane as solvent. The chlorophenols (in the form 

of acyl derivatives) were quantitatively analyzed against the internal surrogate 

standards using gas chromatography–mass spectrometry (GC-MS, model Agilent 

7890B, with HP5-MS capillary column, 30 m × 0.25 mm, film 0.25 μm). 

2.2. Preparation of biochar 

Locally available apricot stones were collected from fruit plantation located near Novi 

Becej (Serbia), and washed in tap water prior to separation of the peels. The apricot 

stones (kernels and shells) were crushed in a mechanical mill and dried on the natural 

conditions. The milled raw materials were impregnated with a weighed amount 50 wt. 

% H3PO4 aqueous solution and the mixture was allowed to stand for next 24 h at room 

temperature (22.0±1 ºC). Thereafter, the impregnated samples were introduced into an 

electric furnace and further heat treated at 500 °C. During the first phase of 

functionalization, the samples were heated at a rate of 10 ºC min
-1

 to 180 ºC and held 

at this temperature for 45 min in an atmosphere near absence of oxygen. In the second 
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phase, at the identical atmosphere conditions, the samples were heated at a rate of 10 

ºC min
-1 

to 500 ºC and held for the next 60 min. Following pyrolyzation, the samples 

were cooled, and then thoroughly washed sequentially with distilled water until the 

washing water reached a stable pH of 5. The samples were then dried at 110 ºC for 3 h 

prior to analysis. The particle size distribution of the biochar obtained was determined 

to be between 100 and 200 μm. Prepared biochar after H3PO4 treatment and 

pyrolyzation will be indicated as AsPhA (Apricot stones Phosphoric Acid). 

2.3. Point of zero charge (pHpzc) and cation-exchange capacity (CEC) 

The pH “drift” method was conducted to determine the pHpzc (point of zero charge) of 

AsPhA. That is pH when the charge in the biochar surface is zero. The procedure of 

this method can be described as follows: 0.1 g of AsPhA was taken to nine 50 mL 

plastic bottles containing 30 mL of 0.1 mol L
-1

 KNO3 with adjusted pH values from 2 

to 10 (pHinitial). The plastic vials were sealed and placed in a mechanical stirrer 

Heidolph Unimax 1010 (Heidolph, Germany) for 24 h. After 24 h, the content of the 

flasks was filtered, the pH of solutions was measured using pH meter WTW SenTix® 

41 (WTW, Germany) and noted as pHfinal. The pHpzc of biochar is the point when 

pHinitial = pHfinal (Prahas et al., 2008). 

In order to measure approximately the cation-exchange capacity (CEC) of biochar, the 

release of Na
+
, K

+
, Mg

2+
 and Ca

2+
 from deionized water washed biochar was 

determined by flame atomic absorption spectrometry (FAAS, model Thermo 

Scientific S Series). The procedure was carried out contacting 500 mg of AsPhA with 

100 mL of deionized water for 60 min (Fiol et al., 2006). 

2.4. Characterization of biochar 

Elemental analysis (relative content of carbon, hydrogen, nitrogen and sulfur in 

AsPhA) was performed by Vario EL III C, H, N, S/O Elemental Analyzer (Elementar, 

Germany). The oxygen contents were calculated by difference. 

Total ash content of biochar was determined by the American Standard Test Method 

D2866-94 method. 

The yield of biochar, which is an indication of production process mass efficiency, is 

the amount of biochar produced at the end of the production step. The following 

equation is used for calculating the yield of biochar: 

100(%)
0

0 



w

ww
Yield c                                                                                              (1) 

Where w0 is the mass of material before preparation (g), wc is the mass of material 

after preparation (g). 

The morphologies of the AsPhA was examined by scanning electron microscopy 

(JSM 6460LV instrument, JEOL, USA) equipped with an EDX attachment. The 

specific surface area (SBET) of AsPhA was evaluated using the Brunauer - Emmet - 

Teller equation by the nitrogen adsorption data with Autosorb iQ instrument 

(Quantachrome, USA). Total pore volume (Vtot) was calculated by converting the 

amount of nitrogen adsorbed to the volume of liquid nitrogen at a relative pressure of 
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0.95. Vmic was determined by nitrogen adsorption isotherms using Dubinin–

Radushkevich equation. Mesopore volume (Vmes) was obtained by subtracting Vmic 

from Vtot. Fourier transform infrared (FTIR) spectroscopy were also performed using 

a spectrometer (Nexus 670, Thermo Nicolet, USA) to determine the functional groups 

of the biochar, at wavenumbers from 400 to 4000 cm
-1

. 

2.5. Batch adsorption experiments 

The adsorption of Pb
2+

, Cd
2+

 and Ni
2+

 on AsPhA was studied by batch experiments. 

For all experimental studies, desired quantity of AsPhA was contacted with 50 mL of 

solutions in Erlenmeyer flasks. The flasks were then placed on a mechanical stirrer at 

140 rpm. The effects of initial pH, adsorbent dosage and temperature on percentage 

removal of Pb
2+

, Cd
2+

 and Ni
2+

 were studied by adjusting initial concentration of 

metals (100 mg L
-1

) at different initial pH (2 - 9), biochar dosage (0.2 - 10 g L
-1

) and 

temperature (22–42 °C). The pH values were adjusted by 0.1 mol L
-1

 HCl or 0.1 mol 

L
-1

 NH4OH solutions. For kinetic studies, experiments were conducted with 50 mL 

adsorbate solution with initial concentration of metals (100 mg L
-1

) at pH 6 and 

different contact time (5 – 300 min). Adsorption isotherm parameters were obtained 

by varying the initial adsorbate concentrations (5 – 500 mg L
-1

) at pH 6. The 

percentage of adsorbate removal and equilibrium adsorption capacity, qe, were 

estimated, respectively, from the equations given below:  

100%
0

0 



C

CC
R e                                                                                                      (2) 

V
m

CC
q

e

e 



)0(

                                                                                                        (3) 

Where C0 is the initial adsorbate concentration and Ce is the residual adsorbate 

concentration (mg L
-1

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

biochar (g). 

Furthermore, the root mean square error (RMSE) and sum of the squares of the errors 

(ERRSQ) tests were used to analyze the errors in experimental data, which can be 

described as: 








N
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N
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2
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i
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Where  is the observation from the batch experiment,  is calculated 

adsorbate concentration with kinetic and isotherm models and N is the number of the 

samples. Smaller RMSE and ERRSQ mean that the equation can predict the 

experiment results more accurately (Rostamian et al., 2011). 
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2.5.1. Adsorption kinetics 

Three kinetic models including: pseudo-first order, pseudo-second order and Elovich 

equation are used to examine the experimental data in order to determine which one 

of the controlling mechanisms of adsorption process is dominant (chemical reaction, 

diffusion control, and mass transfer) (Wang et al., 2015). 

The pseudo-first kinetic model is generally expressed as follows (Lagergren, 1898): 

t
K

qqq ete 









303.2
log)log( 1                                                                                  (6) 

Where K1 (1 min
–1

) is the equilibrium rate constant of the pseudo-first order 

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

Pseudo-second-order kinetic model can be represented by the equation (Ho and 

McKay, 1999): 

t
qqKq

t

eet

11
2

2

                                                                                                         (7) 

Where K2 (g mg
–1 

min
-1

) is the pseudo-second order rate constant and it is determined 

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

Elovich equation is one of the most useful models for description of activated 

chemisorption. After simplification, Elovich equation can be expressed as follows 

(Tan and Hameed, 2017): 

)ln(
1

)ln(
1

tqt





                                                                                                (8) 

Where α (mg g
-1

 min
-1

) and β (g mg
-1

) are the constants for this model obtained from 

the slope and intercept of the linear plot of qt versus ln t. 

2.5.2. Adsorption isotherms 

In order to explain adsorption mechanism, three adsorption isotherms namely, 

Langmuir, Freundlich and Dubinin–Radushkevich (D–R) models were used. 

The linear form of Langmuir isotherm is represented by the equation (Langmuir, 

1918): 

maxmax

1

q

C

Kqq

C e

Le

e                                                                                                     (9) 

Where Ce is the equilibrium concentration of adsorbate (mg L
–1

), qe is the adsorption 

capacity at equilibrium (mg g
–1

), KL is the Langmuir equilibrium constant (L mg
-1

), 

and qmax is theoretical monolayer saturation capacity (mg g
–1

). 

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

heterogeneous adsorption centers on the surface of the adsorbent. The linear form of 

this isotherm is represented by the equation (Freundlich, 1907): 

efe C
n

Kq log
1

loglog                                                                                           (10) 
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Where Kf is Freundlich isotherm constant (L g
–1

), and n is Freundlich exponent which 

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

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

For a more precise determination of the mechanism and the nature of the adsorption 

process, in the analysis of the results was also used Dubinin–Radushkevich isotherm, 

which is given by the equation (Dubinin et al., 1947): 

2lnln DRDRe Kqq                                                                                                 (11) 

Where qe (mg g
-1

) is adsorption capacity, qDR (mg g
-1

) is maximum adsorption 

capacity and KDR (mol
2
 J

-2
) is the activity coefficient related to the mean free 

adsorption energy E (kJ mol
-1

) according to the equation: 

DRK
E

2

1


                                                                                                            (12) 

The parametar ε is the Polanyi potential, which is calculated from the equation: 













eC
RT

1
1ln                                                                                                      (13) 

where R is the gas constant (8.314 J mol
-1

 K
-1

), T is the absolute temperature (K) and 

Ce is equilibrium concentration of adsorbate in the solution (mg L
-1

). 

2.6. Desorption and regeneration studies 

Adsorption and desorption properties indicate usability of the biochar for the 

commercial applications. It is important that the biochar is easily regenerated and the 

desorbing agents are effective, cheap and non-damaging for the adsorbent structure 

(Kołodynskaska et al., 2017). Desorption study was carried out in a similar way to 

that of adsorption batch studies. AsPhA sample (3.0 g L
-1

) was treated with solution 

of Pb
2+

, Cd
2+ 

and Ni
2+

 at the temperature 22 °C, during 60 min. After the treatment, 

desorption experiment was performed with diluted H3PO4. After washing and drying 

the biochar was reused in 3 repeated adsorption-desorption cycles. A diluted 

phosphoric acid was produced as a waste stream during washing of the biochar after 

pyrolyzing at 500 °C. Desorption efficiency was calculated using the following 

equation: 

100
a

d
E

q

q
d                                                                                                              (14) 

Where dE is desorption efficiency (%); qd is amount of metal ions desorbed (mg g
−1

); 

qa is adsorption capacity of metal ions adsorbed on the biochar (mg g
−1

). 

3. Results and discussion  

3.1. Characterization of biochar 

The results of the elemental analysis of biochar are shown in Table 1. As it can be 

seen from Table 1, the prepared biochar contains mainly carbon (67.3 %) and oxygen 
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(29.9 %) with small amounts of hydrogen (1.9 %) and nitrogen (0.3 %). Sulfur is not 

detected in samples. A high carbon and low ash content (4.46 %) of AsPhA indicates 

that the precursor is suitable for biochar production with H3PO4 activation agent. 

The product yield is an important measure of the feasibility of biochar preparation 

from a given precursor. The production yields indicate the ability of H3PO4 activation 

agent to retain carbon and to avoid the loss of otherwise volatile materials 

(Benadjemia et al., 2011; Yakout and Sharaf El-Deen, 2016). The effects of the 

activation temperature and on the yields of biochar are shown in Table 1. With 

increase in the activation temperature, the yield of biochar decreased from 84.2 to 

75.3 %. However, preliminary experimental results indicate that the higher activation 

temperature affects the development of porosity and therefore the larger adsorption 

capacity. A weight loss of 10 % from 400 ºC to 500 ºC is acceptable, therefore 

biochar produced at 500 ºC served as the fundamental basis for selection of the 

operating conditions for the further course of study. 

Based on the amount of generated waste materials and the yield of preparation 

process, approximate annual production of biochar was calculated. About 10 000 tons 

of apricot stones are produces in Serbia every year. If the production yield is 75 % it 

can be concluded that 7 500 t year
-1

 of biochar can be produced in Serbia from these 

types of waste materials. 

The surface morphology of the prepared AsPhA was characterized by SEM-EDX. 

The SEM micrograph with 1000x magnification presented in Fig. 1a shows the 

heterogeneous surface and porous nature of the biochar before adsorption. The pores 

observed by SEM analysis are in micrometer range and these pores are considered to 

act as channels for the microporous network of the biochar. AsPhA had conciderable 

number of pores which showed a good possibility for Pb
2+

, Cd
2+

 and Ni
2+

 ions to be 

adsorbed into these pores. 

The SEM-EDX analysis revealed that Pb
2+

, Cd
2+

 and Ni
2+

 ions were not uniformly 

distributed onto the surface of biochar and adsorption of metal ions causes a series of 

morphological alteration of the surface which are reflected in partial distortion of pore 

structure. Pores become more deformed, and not so marked as they were before 

adsorption. White aggregates were detected in the SEM micrographs (Fig. 1b), the 

EDX spectra of those spots gave a high signal corresponding to lead, cadmium and 

nickel elements, which is direct evidence that the adsorption of the investigated ions 

actually occurred. 

The main textural properties of AsPhA are summarized in Table 2. For a comparative 

purpose, the characteristics of other biochars from apricot stones available in the 

recent literature are reported and one can see that AsPhA is more suitable than the 

most of the other ones. The engineered biochar had a BET surface area 1099 m
2
 g

-1
. 

Porous structure of biochar contains a wide range of pore sizes. For practical reasons, 

they are classified into three groups; micropores (pore size smaller than 2 nm), 

mesopores (pore size up to 50 nm), and macropores (pore size larger than 50 nm) by 

the International Union of Pure and Applied Chemistry (IUPAC) (Worch, 2012). The 

microporous volume of AsPhA is 0.391 cm
3
 g

-1
, which accounts for 77 % of the total 

volume (0.505 cm
3
 g

-1
). The mesopore volume of AsPhA is 0.022 cm

3
 g

-1
. These 
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results confirmed that micro- mesoporous structure with micropore-dominated exists 

in AsPhA. The high specific surface area and micro- mesoporous structure are in 

favor of obtaining high adsorption capacitance for the metal ions. 

A porous structure is crucial for determination of the adsorption capacities but the 

surface chemistry of biochar should not be ignored. In this regard, the FTIR spectrum 

is useful to get information about the chemical structure and functional groups. FTIR 

spectrum of AsPhA is shown in Fig. 2 before (a) and after adsorption (b). The broad 

band at 3412.15 cm
-1

 is attributed to hydrogen bond (–O–H) in carboxyl, phenols, 

alcohols, and the absorbed water. The bands located at 2922.28 and 2846.69 cm
-1

 

correspond to C-H vibrations of methyl and methylene groups. The band at 1560.01 

cm
-1

 is ascribed to carbonyl C=O group which suffers from minor overlapping with 

C=C aromatic ring stretching vibration. The wide bands at 986.74 and 1160.17 cm
-1

 

have been assigned to C–O stretching in acids, alcohols, phenols, ethers and/or esters 

groups. Whereas, it is also a characteristic of phosphorous species in the phosphoric 

acid activated carbons, but assignment in this region is difficult because absorption 

bands are overlapped. Bands in this region may be also assigned to hydrogen-bonded 

P=O, O-C stretching vibrations in P-O-C of aromatics and P=OOH while the intense 

band at 1067.69 cm
-1

 is attributed to alcohol groups (R-OH). The shoulder at 1100 

cm
−1

 was ascribed to ionized linkage P+―O− in acid phosphate esters, and to 

symmetrical vibration in a P―O―P chain. At the low wavenumber district C–C 

stretching is signified at 482.70 cm
-1

 (Benadjemia et al., 2011; Zhu et al., 2016). 

The external surface of AsPhA is rich with functional groups, containing oxygen of 

carboxylic, carbonyl, phenolic and phosphocarbonaceous compounds. The presence 

of acid functional groups on AsPhA surface is also suggested by the pHpzc value 

(3.98), which indicates the acid character of the engineered material (Kaouah et al., 

2013). These functional groups have a high affinity toward heavy metal ions. FTIR 

spectrum of metal adsorbed AsPhA shows low transmittance intensity and the shifted 

peak locations at different frequencies due to Pb
2+

, Cd
2+

 and Ni
2+

 adsorption (Rai et 

al., 2016). With the metal loaded biochar, it is seen that the peak at 2922.28 cm
−1

 

shifted to 2923.57 cm
−1

, the peak at 2846.69 cm
−1

 shifted to 2850.95 cm
−1

, with a 

decreased intensity, the peak corresponding to 1560.01 cm
−1

 shifted to 1557.06 cm
−1

, 

1160.17 cm
−1

 shifted to 1154.11 cm
−1

 and 986.74 cm
−1

 shifted to 979.70 cm
−1

. These 

shifts indicate that functional groups involved in the adsorption and binding processes 

exist on the surface of biochar (Lalhruaitluanga et al., 2011). 

3.2. Parametars influencing adsorption 

3.2.1. Effect of solution pH on adsorption 

Influence of pH on the AsPhA adsorption capacity for Pb
2+

, Cd
2+

 and Ni
2+

 ions was 

studied in the pH range 2.0 - 9.0. The solutions of single heavy metal ion (100 mg L
-1

) 

were in contact with the biochar (2.0 g L
-1

) for 30 min at 22.0 ± 1 °C. At initial pH 

values of 7.0, hydroxide precipitation occurred for all metal ions. Thus, at the pH 

values higher than 7.0, increase of adsorption capacity of the AsPhA cannot be 

attributed to the process of adsorption alone. Fig. 3 shows that the adsorption capacity 
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of metal ions increased with increase in pH values in all cases. However, the change 

in Cd
2+

 and Ni
2+

 adsorption was much more obvious than that of Pb
2+

 in the pH range 

2.0-7.0 (e.g., Pb
2+

: 36.6–47.7 mg g
-1

, Cd
2+

: 7.0–45.5 mg g
-1

 and Ni
2+

: 7.9–21.9 mg g
-1

) 

which can be attributed to characteristics of the cadmium and nickel ion. Adsorption 

of metals having a large ionic radius (Pb
2+

) is greater than adsorption of ions with 

smaller ionic radius (Cd
2+

 and Ni
2+

) (Al-Asheh and Duvnjak, 1998; Anirudhan and 

Sreekumari, 2011; Jang et al., 2005; Tobin et al., 1984). The pH is one of the most 

important factor on adsorption process influencing not only the site dissociation but 

also the chemistry of the heavy metals (El-Hendawy, 2009; Wang et al., 2015). 

The low adsorption uptake for Pb
2+

, Cd
2+

 and Ni
2+ 

observed at lower pH might be due 

to the higher concentration and mobility of H
+
 ions in the solution. At lower pH 

values, the surface of the biochar was more positively charged, thus it was surrounded 

by hydroxonium ions and the electrostatic repulsive force between the heavy metal 

ions and the charged surface (Abdelhafez and Li, 2016; Cui et al., 2016; Tan et al., 

2016). On the other hand, the pHpzc of a biochar is a very important characteristic that 

determines the pH at which the surface has net electrical neutrality. The point of zero 

charge for AsPhA is found to be 3.98. At above pHpzc the surface of biochar is 

negative and there is a strong electrostatic attraction between surface groups and Pb
2+

, 

Cd
2+

 and Ni
2+ 

ions. Supposedly, quite low value of pHpzc = 3.98 of AsPhA suggested 

higher uptake of metal ions, especially at higher pH (Mohammadi et al., 2014). 

Based on the obtained results related to the effect of pH on Pb
2+

, Cd
2+

 and Ni
2+ 

adsorption,
 
as an optimum pH value for the further experiment, pH 6 was selected. 

3.2.2. Effect of biochar dosage 

The effect of the adsorbent dose was investigated at the initial concentrations of the 

investigated metals of 100 mg L
-1

 at 22.0 ± 1 °C and pH 6.0, varying the 

concentration of AsPhA from 0.2 to 10.0 g L
-1

. It is observed from Fig. 4 that the 

removal % of metal ions increased as the dose of biochar increased. This may be 

attributed to the increased adsorbent surface area, pores and the number of 

unsaturated sites (Lalhruaitluanga et al., 2010). Pb
2+

 and Cd
2+

 removal increases from 

12.5 to 95.1 % and from 28.6 to 94.1 % when AsPhA dose is increased from 0.2 to 

2.0 g L
-1

. As shown in Fig. 4, there is an increase in removal efficiency of Pb
2+

 and 

Cd
2+

 ions when biochar dose increased and after 2.0 g L
-1

 of AsPhA dose the 

equilibrium was established. As it plateaued, 2 g L
-1

 was considered as optimum dose 

and was used for further study. Removal % of Ni
2+

 ions in the entire investigated 

range was increased. Due to the economic aspect of the usage of AsPhA, 

concentration of 2.0 g L
-1

 was also considered optimum dose for Ni
2+

 ion removal. 

3.2.3. Effect of contact time 

Influence of contact time on the AsPhA adsorption capacity for Pb
2+

, Cd
2+

 and Ni
2+

 

ions was studied in the time range 5-60 min. The solutions of single heavy metal ion 

(100 mg L
-1

) were in contact with the adsorbent (2.0 g L
-1

) at pH 6 and 22.0 ± 1 °C. 

Contact time is unavoidably the basic parameter for all mass transfer phenomena, 

such as adsorption (Stawiński et al., 2017). Fig. 5 shows that metal adsorption is fast 
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during the initial contact time and then slowly increases at higher contact time to 

reach the equilibrium at 30 min where the adsorption capacities of Pb
2+

, Cd
2+

 and Ni
2+

 

were 47.5, 45.4 and 21.9 mg g
-1

, respectively. Shaking and the concentration gradient 

on the active surface of the biochar might cause the rapid adsorption at the beginning 

of the process. The assessment of the effect of contact time on the adsorption 

efficiency showed that after 30 minutes there was no significant change in the 

adsorption rate. The results suggest that the binding of the metal ion may be through 

interactions with functional groups (Mohammadi et al., 2014). Accordingly, as the 

optimum contact time, a 30 min period was chosen for the further experiments. 

3.2.4. Effect of initial adsorbate concentration  

The influence of the initial concentration of metal ions was studied at the following 

concentrations: 5, 10, 20, 50, 100, 200, 300 and 500 mg L
-1

, while keeping all other 

parameters at optimum values: 22.0 ± 1 °C, pH of 6.0, biochar dose of 2.0 g L
-1

 and 

the contact time of 30 min. The extent of adsorption increased along with increase in 

initial metal ion concentration (Fig. 6). This increase in the extent of adsorption as a 

function of initial concentration may be due to the fact that the ratio of the initial 

number of moles of Pb
2+

, Cd
2+

 and Ni
2+

 to the available adsorption sites is high at 

higher initial concentrations (Lalhruaitluanga et al., 2010). Adsorption capacity of the 

AsPhA increased from 2.4 to 131.6 mg g
-1

 for Pb
2+

, from 2.4 to 103.5 mg g
-1

 for Cd
2+

 

and from 2.4 to 72.1 mg g
-1

 for Ni
2+

, as the initial concentrations of metal ions 

increased from 5 to 500 mg L
-1

. However, at higher initial concentration of metal ions 

there are fewer available adsorption sites of the AsPhA and hence, the removal 

percentages of metal ions are decreased. 

3.3. Adsorption kinetics 

All the parameters obtained by kinetic models, correlation coefficients and different 

errors are listed in Table 3. The three kinetic plots for adsorption of Pb
2+

, Cd
2+

 and 

Ni
2+

 ions are given in Fig. 7, 8 and 9. Among three different kinetic models, pseudo-

second order kinetic model had very high value of R
2
 for all kinetic data. The values 

of RMSE and ERRSQ about pseudo-second order kinetic model were smallest among 

the three kinetics model, respectively. All these observations suggest that the 

adsorption of Pb
2+

, Cd
2+

 and Ni
2+ 

ions on AsPhA occurs according to the mechanism 

of the second order reaction, that the metal ion bonding process is, to a large extent, 

kinetically controlled, and that it belongs to chemisorption processes. 

Data in Table 3. show the inapplicability of the pseudo-first order kinetic model and 

Elovich equation in describing the adsorption process of Pb
2+

, Cd
2+

 and Ni
2+

 ions onto 

AsPhA. That is due to the obtained negative slopes for pseudo-first order kinetic 

model and the low correlation values (R
2
) for both models. 

3.4. Adsorption isotherms 

The calculated parameters, correlation coefficients and error functions are 

summarized in Table 4. The graphical representation of these models is presented in 

Fig. 10, 11 and 12. The smallest values of RMSE and ERRSQ and the greatest values 
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of R
2
 were obtained with Langmuir model for Cd

2+
 and with Freundlich model for 

Ni
2+

 and Pb
2+

 among the three isotherms, respectively. 

All metal ions were fitted very well with the Langmuir and Freundlich isotherms. For 

Pb
2+

 and Ni
2+ 

the best fitting isotherm corresponded to Freundlich isotherm and for 

Cd
2+

 the best fitting isotherm corresponded to Langmuir isotherm. The Langmuir 

adsorption isotherm is based on the model which was developed assuming monolayer 

coverage of the adsorbent surface. According to the Langmuir model, a significant 

adsorption capacity for Pb
2+

, Cd
2+

 and Ni
2+

 ions was achieved: 179.476 mg g
-1

, 

105.844 mg g
-1

 and 78.798 mg g
-1

, respectively. Freundlich coefficient Kf, which 

represents the adsorption capacity was found to be decreased in the sequence, Cd
2+

 > 

Pb
2+

 > Ni
2+

, which is the same as that revealed by Langmuir coefficient KL (Table 4). 

The other Freundlich coefficient 1/n values fulfilled the condition of n < 0 for 

favorable adsorption. The Freundlich type adsorption isotherm is an indication of 

surface heterogeneity of the adsorbent. This leads to the conclusion that the surface of 

AsPhA is made of small heterogeneous patches which is favorable for adsorption 

phenomenon (Rao et al., 2009). Dubinin–Radushkevich isotherm gives information 

about rate limiting (chemical and physical adsorption), by mean adsorption energy 

(Depci et al., 2014). The EDR values of Pb
2+

, Cd
2+

 and Ni
2+

 are calculated as 1.48, 

1.61 and 1.23 kJ mol
-1

, respectively, which are lower than 8 kJ mol
-1

, leading to the 

conclusion that the investigated adsorption is physical in nature. However, in the case 

of the adsorption of Pb
2+

, Cd
2+

 and Ni
2+

 ions on AsPhA, a low R
2
 and high RMSE and 

ERRSQ was found with the Dubinin–Radushkevich model and this indicates that the 

application of this model in this research is limited. 

3.5. Adsorption thermodynamics 

Thermodynamic parameters for Pb
2+

, Cd
2+

 and Ni
2+

 ions have been analyzed in order 

to better investigate the effect of temperature on the adsorption equilibrium and the 

adsorbate diffusion within the pores of the biochar (Ghasemi et al., 2014b). The 

thermodynamic parameters, including enthalpy ΔH, entropy ΔS and Gibbs free energy 

ΔG, could be calculated according to the following equations: 

e

e

C

q
RTG                                                                                                             (15) 

R

S

RT

H
K L





ln                                                                                                   (16) 

STHG                                                                                                          (17) 

Where qe is the amount of ion adsorbed per unit mass of AsPhA (mg g
−1

), Ce is 

equilibrium concentration (mg L
−1

), T is temperature (K) and R is the gas constant 

(8.314 J mol
−1

 K
−1

).  

The plot of lnKL versus 1/T (Fig. 13) gives the straight line from which ΔHº and ΔSº 

are calculated from the slope and intercept of the linearized form. There is a good 

linear relationship with the values of the correlation coefficients R
2
 > 0.95. Table 5. 

shows the values of thermodynamic parameters for adsorption of Pb
2+

, Cd
2+

 and Ni
2+
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on AsPhA. The negative slowly increasing values of ΔGº confirms the spontaneity of 

adsorption process and indicates that the process is thermodynamically favorable (Lin 

et al., 2011). The positive value of ΔSº shows the increasing randomness at the 

solid/liquid interface during the adsorption of metal ions. Nevertheless, it indicates 

that the adsorption process onto AsPhA is entropy driven rather than enthalpy driven 

(Ghasemi et al., 2014b). The positive value of ΔHº for the Pb
2+

 and Cd
2+

 ions suggests 

that the adsorption is endothermic in nature and increasing temperature favors the 

adsorption process. The enthalpy values obtained for Pb
2+

 and Cd
2+

 suggest a 

chemisorption process with covalent bonding, while the small enthalpy value of ΔHº 

< 20 kJ mol
-1

 for Ni
2+

 confirms that the adsorption is slightly endothermic and the 

results obtained with Dubinin–Radushkevich isotherm indicates that the adsorption of 

Ni
2+

 on AsPhA is physical in nature. Significantly lower adsorption capacities for Ni
2+

 

can be attributed to the fact that physisorption mainly takes place on the surface of the 

AsPhA. The physisorption phenomenon is usually associated with the presence of 

weak bonds of van der Waals type. 

3.6. Adsorption mechanisms 

In the literature, different mechanisms for the adsorption of metal cations on 

engineered biochars have been interpreted. These include surface adsorption, 

chemisorption, ion exchange and ion trapping inside the meso and micropores. 

In subsection 3.1 from FTIR spectrum (Fig. 2) can be seen that the surface of AsPhA 

is rich in chemically reactive phosphoric and oxygen containing functional groups. 

Lignocellulose derivative phosphocarbonaceous esters and pyrophosphate species, 

chemically bonded to the AsPhA, create a better adsorption structure with a lot of 

phosphate and polyphosphate bridges that gives increased crosslink of the carbons. 

Surface adsorption is another mechanism by which metal ions may be bound to PPhA. 

This mechanism is a surface reaction where a positively charged metal ion is attracted 

to a negatively charged surface without the exchange of ions or electrons. This 

statement is additionally confirmed by the fact that the adsorption was strongly pH-

dependent. The pseudo-second order kinetic and Langmuir isotherm model provide 

excellent correlation with the experimental data. Both models assume that the AsPhA 

surface, containing reactive functional groups, is homogenous and that the operating 

adsorption mechanism is chemisorption. The cation-exchange capacity resulted to be 

0.571 mmol g
−1

 biochar (Table 1). Thus, it seems that ion-exchange must be involved 

in the adsorption of metal ions, but it is not the most important mechanism. 

It is always important to predict the rate-limiting step in an adsorption process to 

understand the mechanism. For a solid/liquid adsorption process, the adsorbate 

transfer is usually characterized by either external mass transfer or intraparticle 

diffusion or both (Acharya et al., 2009). In most cases, three types of mechanisms 

take place in the adsorption process by a porous adsorbent: (1) film diffusion, 

migration of the metal ions from solution to the external surface of the adsorbent; (2) 

particle diffusion, migration of the metal ions into the pores of the adsorbent; and (3) 

adsorption of the metal ions on the interior surface of the adsorbent (Gottipati and 

Mishra, 2016). 
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The above mentioned kinetic models were not able to identify the diffusion 

mechanism when the intraparticle diffusion model was studied. Weber–Morris kinetic 

model of intraparticle diffusion is given in equation: 

CtKq it  2/1                                                                                                           (18) 

Where Ki (mg g
–1

 min
–1/2

) is the intra particle diffusion rate constant and it is 

determined from the plot of qt as a function of t
1/2

. 

For intraparticle diffusion plots of metal ions, the first, sharper region is the 

instantaneous adsorption or external surface adsorption. The second region is the 

gradual adsorption stage where intraparticle diffusion is the rate limiting. In the case 

of Pb
2+

 and Cd
2
, the third region exists, which is the final equilibrium stage where 

intraparticle diffusion starts to slow down due to the extremely low metal ion 

concentrations in the solutions (Hameed et al., 2008). From Fig. 14 and Table 6, the 

trend lines of the second and third stages didn’t pass through the origin and the 

correlation coefficients, indicating that the intraparticle diffusion was not the only rate 

limiting step in the adsorption process. The results implied that the adsorption of 

metal ions were rapid, as the metal ions diffused quickly among the particles at the 

beginning of the adsorption process, then slowed down by the intraparticle diffusion, 

and finally stabilized (Tan and Hameed, 2017). The intraparticle diffusion rate 

constant obtained from the plot was calculated from the slope of each of the linear 

line and the results obtained are summarized in Table 6. 

Boyd’s model was used to determine the actual slow step in the adsorption of metal 

ions onto the biochar. Boyd kinetic equation is represented as (Acharya et al., 2009): 

)exp(
6

1
2 tBF 


                                                                                                 (19) 

e

t

q

q
F                                                                                                                        (20) 

Where qe is the amount of metal ion adsorbed at equilibrium (mg g
-1

) and qt 

represents the amount of metal ion adsorbed at any time t (min), F represents the 

fraction of adsorbate adsorbed at any time t, and Bt is a mathematical function of F. 

Eq. (19) can be rearranged by taking the natural logarithm to obtain the equation: 

)1ln(4977.0 FBt                                                                                             (21) 

The calculated Bt values were plotted against time t (min), as shown in Fig. 15. If the 

plots are linear and pass through origin, then the slowest (rate controlling) step in the 

adsorption process is the internal diffusion. The plots for Pb
2+

 and Ni
2+

 show a non-

linear trend where the trendlines did not pass through the origin. Thus, it could be 

concluded that the external mass transport mainly governed the adsorption process 

where intraparticle diffusion was the rate limiting step (Tan et al., 2016). From Fig. 

15, can be seen that the plot for Cd
2+

 is non-linear but passes though the origin 

suggesting that the adsorption process is mostly controlled by internal diffusion. 



16 

 

The calculated Bt values were used to calculate the effective diffusion coefficient, Di 

(m
2
 s

-1
) using the relationship: 

2

2

r

D
B i
                                                                                                                   (22) 

Where Di is the effective diffusion coefficient of adsorbate in the adsorbent phase and 

r is the radius of the biochar particles. The Di values for Cd
2+

, Pb
2+

 and Ni
2+

 were 

found to be 3.0 × 10
−11

, 2.3 × 10
−11

, and 1.4 × 10
−11

 m
2
 s

-1
, respectively. 

The external mass transfer coefficients for metal ions adsorption were determined 

using a diffusion model referred as the Furusawa and Smith model (Furusawa and 

Smith, 1973): 
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Where Ct is the concentration at time t (mg L
-1

), C0 is the initial metal ions 

concentration (mg L
-1

), m is the mass of the adsorbent per unit volume (g L
-1

), K the 

constant obtained by multiplying Langmuir’s constants KL and b (L mg
-1

), βL the mass 

transfer coefficient (cm s
-1

) and SS is the outer surface of adsorbent per unit volume of 

particle (1 cm
-1

). The value of SS was calculated using the following relation: 

)1(

6

pp

S
d

m
S

  
                                                                                                     (24) 

Where dp, δρ and εp are the diameter, density and porosity of the biochar particles, 

respectively.  

The values of β1 (9.6 × 10
−6

, 1.4 × 10
−6

 and 5.6 × 10
−7

) calculated from the slopes and 

intercepts of the plots (Fig. 16) of ln(Ct/C0 − (1/1 + mK)) versus t (min) for Pb
2+

, Cd
2+

 

and Ni
2+

, recpectively. The values of β1 obtained show that the rate of “film diffusion” 

was rapid enough. Therefore, the external mass transfer is not a determining stage in 

the adsorption process. The reason for this can be probably attributed to the efficient 

stirring of suspension during the experiments. Although it is agreed that during the 

initial stage of adsorption (first minutes), the intra-particle resistance is negligible, and 

the transport of the metal ions toward the adsorbent is mainly ensured by the external 

diffusion mechanism (Öztürk and Malkoc, 2014). It can also be mentioned that the 

deviation of some of the points from the linearity of the plots indicated the varying 

extent of mass transfer at the initial and final stages of the adsorption (Acharya et al., 

2009).  

3.7. Desorption and regeneration studies 

From an economic point of view, the regeneration capability of the biochar is very 

important. Desorption studies help the recovery of the metal ions and the recycling of 

the saturated adsorbent. The use of thermal activation to regenerate the biochar could 

require high energy and adsorbent loss in each cycle (Lalhruaitluanga et al., 2010). 

Hence, as a desorption agent a diluted H3PO4 was used (chemical regeneration). This 
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H3PO4 was produced as a waste stream during washing of the biochar after production 

procedure. It is apparent from Fig. 17 that the adsorption and desorption were 95% 

and 89%, respectively after the first regeneration cycle for Pb
2+

. After third 

regeneration cycle adsorption and desorption decreased down to 89% and 64% 

respectively. On the results in Fig. 17 the same tendencies for Cd
2+

 can be seen. After 

three cycles, the Ni
2+

 adsorption capacity of the biochar decrease from 46 % to 39 %. 

These results demonstrated promising regeneration potential of the AsPhA which 

could be used successfully 3 times after regeneration for the removal and recovery of 

metal ions from aqueous wastes. Heavy metals can be effectively removed from 

metal-laden biochar using dilute acids. In contrast to strong acids (HCl, H2SO4), 

H3PO4 has slightly negative impact of the adsorption abilities and structure of the 

regenerated biochar and also has very high capacity to desorb metals. During the 

regeneration process metal binding active sites are released on the biochar surface. 

The metal ions desorbed from the biochar could be recycled and returned to factories 

as a raw material, rather than being deposited in landfill as waste. One of the 

processes is separation in pure form by electrolysis or, if extraction of pure metals is 

not relevant, by chemical precipitation. Based on these characteristics, AsPhA can be 

classified as an economical and environmentally friendly separation medium for water 

purification. 

3.8. Comparison with other adsorbents 

The adsorption efficiency for Pb
2+

, Cd
2+

 and Ni
2+

 ions from the water by different 

alternative biochars is a subject of numerous research studies. Comparison of the 

published results and the results of this research is shown in Table 7. 

The biochar prepared in this work had a relatively large adsorption capacity 179.48, 

105.84 and 78.80 mg g
-1

 for Pb
2+

, Cd
2+

 and Ni
2+

, respectively, compared to some 

other adsorbents reported in the literature. Of mentioned adsorbents, Glycyrrhiza 

glabra residue has adsorption capacity 200.00 and 166.70 mg g
-1

 (initial metal ion 

concentration 700 mg L
-1

 and 0.1 g of adsorbent) for Pb
2+

 and Ni
2+

, respectively, 

which is greater than for AsPhA. Canna indica has greater adsorption capacity of 

188.80 mg g
-1 

for Cd
2+

 (initial metal ion concentration 200 mg L
-1

 and 0.03 g of 

adsorbent) on the similar preparation conditions of adsorbent (pyrolysis for 2 h at 500 

°C).  

3.9. Two-stage CSTR reactor design 

Adsorption isotherm studies can also be used to predict the design of single- or two-

stage adsorption systems (Alkan et al., 2008; Demirbas et al., 2009). The schematic 

diagram for a two-stage CSTR is shown in Fig. 18. The volume, V (L), is the total 

volume to be treated and is therefore the same for both adsorption steps. The pollutant 

concentration is reduced from C0 to C1 and C2 (mg L
-1

) in the adsorption process. The 

amounts of biochar added is mAC,1 and mAC,2 (g) of adsorbate-free solid and the metal 

concentration changes from q0 = 0 to qe1,2. The mass balance equates the metal 

removed from the liquid to the one picked up by the biochar for both process steps. 
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The adsorbent loadings, qe1 and qe2, have to be substituted by the isotherm equation. 
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Eq. 27 permits analytical calculation of the biochar solution ratio for a given change 

in solution concentration, C0 to C1,2. 

In order to assess the efficiency of AsPhA to remove metals ions from a real sample, 

the adsorption study with graphic industry wastewater samples after the secondary 

treatment in a batch mode was done. Fig. 19 shows of plots derived from Eq. 27 for 

the adsorption of metal ions on AsPhA. An initial metal concentration of 4.28 mg L
-1 

is assumed and the figure shows the amount of effluent which can be treated to reduce 

the metal content by 90 % in first CSTR and additionally 99 % in second CSTR using 

various masses of biochar. 

The results showed that approximately 1.5 kg of biochar was sufficient to treat 1 m
3
 

of heavy contaminated water (Cd
2+

, Pb
2+

 and Ni
2+

) in two-stage CSTR process. 

3.10. Cost estimation of AsPhA 

Successful implementation of technique for adsorbate removal from aqueous waste 

effluents in commercial field depends largely on four factors: the cost of raw 

materials, the cost of biochar production, biochar properties and reuse, ability to use 

in treatment of real waste effluents (Banerjee et al., 2016). 

The cost involved in production of biochar from apricot stones has not been reported 

yet as per literature review. Production cost of adsorbent consists of various steps viz., 

collection of raw meterial, preparation of biochar and reusability. Compared to other 

biochar products derived from plant biomass the cost estimation of AsPhA production 

suggests that biochar preparation from the apricot stones is a cost effective process. 

Net cost for AsPhA production was only 642 USD per ton. 

Therefore, the present study confirmed that AsPhA, as cost-effective, eco-friendly and 

viable biochar, could be justifiably used for the treatment of wastewater containing 

lead, cadmium and nickel. 

3.11. Preliminary adsorption study for naproxen and chlorophenols on AsPhA 

In order to estimate the affinity of AsPhA for pharmaceutical compounds, the 

influence of the adsorbent dosage and naproxen initial concentration was investigated. 

Different dosages of biochar were used in 50 mL of a solution with different initial 

naproxen concentrations. pH was adjusted to pH 6 using 0.1 mol L
-1

 solution of 

NH4OH. The flasks were then placed on a mechanical stirrer and shacked for 3 h at 
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140 rpm. Finally, the suspensions were filtered and the filtrates were further treated 

according to the procedure for analysis of naproxen. 

From the Fig. 20 it is clearly seen that the increase in the adsorbent mass and decrease 

the naproxen initial concentration lead to the increase in the efficiency of removal. By 

using 1 g L
-1

 of the biochar in model solutions on initial naproxen concentration 10 

mg L
-1

, a removal efficiency of over 95 % can be achieved. This paper presents only 

preliminary results of this experiment. 

Another group of the investigated organic micropollutants was chlorophenols. Three 

different dosages of biochar were used: 2, 10 and 20 mg in 100 mL of a solution with 

an initial concentration of chlorophenols of 500 ng L
-1

 (concentration of each 

individual chlorophenol compound in the solution). The pH was adjusted to pH 6 

using 0.1 mol L
-1

 solution of NH4OH. The flasks were then placed on a mechanical 

stirrer and shaked for 1 h at 140 rpm. Finally, the suspensions were filtered and the 

filtrates were further treated according to the procedure for analysis of chlorinated 

phenols. 

In the Fig. 21, it can be clearly seen that the increase in the adsorbent mass lead to the 

increase in the efficiency of removal of chlorophenols. The number of chlorine atoms 

has a different impact. Namely, the prepared biochar achieved removal efficiency 

higher than 80 % for all chlorophenols except from 2,3,4,6 – tetrachlorophenol. By 

using 0.2 g L
-1

 of the adsorbent in model solutions, a removal efficiency of 

approximately 80 % for dichlorophenol and trichlorophenol, 65 % for 

tetrachlorophenol and over 85 % for and pentachlorophenol can be achieved. This 

paper presents only preliminary results of this experiment. 

4. Conclusion 

(1) The novel biochar (AsPhA) was synthesized from Prunus armeniaca stones (fruit 

industry waste) by thermochemical activation with H3PO4 on 500 ºC and applied for 

the removal of Pb
2+

, Cd
2+

 and Ni
2+ 

from aqueous solutions in batch adsorption 

experiments. AsPhA has a porous and heterogeneous structure, high SBET (1098.9 m
2
 

g
-1

) and total pore volume (0.505 cm
3
 g

-1
). With the 75 % production yield it can be 

concluded that 7 500 t y
-1

 of AsPhA can be produced in Serbia from these type of 

waste materials. 

(2) The batch adsorption experiments showed that the optimal operation conditions at 

140 rpm, pH 6.0, AsPhA dosage 2 mg L
-1

 and contact time 30 min have removal 

efficiency over 95 % (100 mg L
-1

) for Pb
2+

 and Cd
2+

 and 50 % (100 mg L
-1

) for Ni
2+

 

ions. 

(3) The adsorption process of removal of heavy metals can be described by a pseudo-

second order theoretical model (chemisorption). The equilibrium data were found to 

be well represented by the Freundlich and Langmuir isotherms and the maximum 

adsorption capacity of Pb
2+

, Cd
2+

 and Ni
2+

 ions on AsPhA were 179.48, 105.84 and 

78.80 mg g
−1

, respectively. The negative values (ΔGº < 0) for all metal ions, show 

that the adsorption process is spontaneous and endothermic in nature. AsPhA can be 

regenerated and reused three times. 
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(4) The results showed that about 1.5 kg of biochar was sufficient to treat 1 m
3
 of 

heavy metal contaminated graphic industry wastewater (metal concentration 4.28 mg 

L
-1

) in two-stage CSTR process with net production cost for AsPhA of 642 USD per 

ton. 

(5) Preliminary results indicated a strong affinity of the biochar for naproxen and 

chlorophenols with removal efficiency above 95 % (10 mg L
-1

) and 85 % (500 ng L
-

1
), respectively.  

(6) Finally, performed study showed encouraging results, forecasting good 

applicability of modified Prunus armeniaca biochar as an eco-friendly, recyclable and 

highly efficient adsorbing medium. According to obtained results, the AsPhA was 

found to be a promising low-cost solution for heavy metal and organic micropollutant 

contaminated water remediation and decontamination. 
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Table 1  

Chemical and physical characteristics of the AsPhA  

Biochar 

Elemental analysis (%) Ash 

content 

(%) 

pHpzc 

(-) 

CEC 

(mmol g
-1

) 

Yield on 

400 ºC 

(%) 

Yield on 

500 ºC 

(%) 
C O 

a
 S N H 

AsPhA 67.3 29.9 n.d.
b
 0.3 1.9 4.46 3.98 0.571 84.2 75.3 

a 
By difference 

b 
Not detected 
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Table 2 

Comparison of the textural properties of the synthesized biochar 

Sample Activation process SBET (m
2
 g

-1
) 

Total pore volume 

(cm
3
 g

-1
) 

Reference 

AsPhA Chemical (H3PO4, 500 °C, 2h) 1098.9 0.505 This study 

Apricot 

stones 

Chemical (H2SO4, 200 °C, 24h) 566.0 - 

(Kobya et al., 

2005) 

Apricot 

stones 

Chemical (H2SO4, 650 °C, 2,5h) 393.2 0.192 

(Mouni et al., 

2011) 

Apricot 

stones 

Chemical (H3PO4+HNO3, 700 °C, 1h) 359.4 - 

(Djilani et al., 

2015) 

Apricot 

stones 

Chemical (H3PO4, 400 °C, 1,5h) 307.6 0.191 

(Marzbali et 

al., 2016) 

Apricot 

stones 

Chemical (H3PO4, 250 °C, 4h) 88.1  

(Abbas and 

Trari, 2015) 
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Table 3 

Kinetic parameters for the adsorption of Pb
2+

, Cd
2+

 and Ni
2+ 

ions
 
onto AsPhA 

Metal ion Pb
2+

 Cd
2+

 Ni
2+

 

qe, exp (mg g
-1

) 48.435 45.825 24.280 

Pseudo-first order 

qecal (mg g
-1

) 14.325 29.679 9.935 

K1 (1 min
-1

) -0.089 -0.121 -0.055 

R
2
 0.984 0.940 0.931 

RMSE 0.090 0.239 0.116 

ERRSQ 0.041 0.286 0.067 

Pseudo-second order 

qecal (mg g
-1

) 49.712 48.296 25.362 

K2 (g mg
-1

 min
-1

) 0.013 0.007 0.011 

R
2
 0.999 0.998 0.998 

RMSE 0.007 0.019 0.042 

ERRSQ 2.9·10
-4

 0.002 0.010 

Elovich equation 

R
2
 0.975 0.883 0.983 

RMSE 0.481 1.624 0.334 

ERRSQ 1.390 15.817 0.670 

α (mg g
-1

 min
-1

) 171326 1260 276 

β (g mg
-1

) 0.306 0.207 0.362 
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Table 4 

Langmuir, Freundlich and Dubinin–Radushkevich isotherm constants for Pb
2+

, Cd
2+

 and Ni
2+ 

ions 

Metal ion Pb
2+

 Cd
2+

 Ni
2+

 

qmax,exp (mg g
-1

) 171.395 103.485 76.270 

Langmuir 

qmax (mg g
-1

) 179.476 105.844 78.798 

KL (L mg
-1

) 0.040 0.077 0.018 

R
2
 0.925 0.994 0.842 

RMSE 0.089 0.085 0.826 

ERRSQ 0.048 0.043 4.097 

Freundlich 

Kf (L mg
-1

) 8.607 9.023 3.775 

1/n 0.628 0.450 0.492 

R
2
 0.955 0.920 0.988 

RMSE 0.066 0.189 0.146 

ERRSQ 0.026 0.215 0.127 

Dubinin–Radushkevich 

qDR (mg g
-1

) 55.048 49.023 25.853 

KDR (mol
2
 J

-2
) 2.298·10

-7
 1.918·10

-7
 3.321·10

-7
 

EDR (kJ mol
-1

) 1.475 1.614 1.227 

R
2
 0.719 0.788 0.626 

RMSE 1.053 0.708 0.496 

ERRSQ 6.654 3.006 1.476 
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Table 5  

Thermodynamic parameters for adsorption of Pb
2+

, Cd
2+

 and Ni
2+

 onto AsPhA 

Metal T (°C) ΔH (kJ mol
−1

) ΔS (J mol
−1

 K
−1

) ΔG (kJ mol
−1

) 

Pb
2+

 22 38.60 199.52 -20.29 

32   -22.28 

42   -24.27 

Cd
2+

 22 45.18 229.76 -22.63 

32   -24.93 

42   -27.22 

Ni
2+

 22 1.74 66.09 -17.77 

32   -18.42 

42   -19.09 
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Table 6 

Intraparticle diffusion model constants and correlation coefficients for adsorption of Pb
2+

, Cd
2+

 and Ni
2+ 

ions
 
onto 

AsPhA 

Metal ion 

Intraparticle diffusion model 

K1 (mg g
-1

 

min
-1/2

) 

K2 (mg g
-1

 

min
-1/2

) 

K3 (mg g
-1

 

min
-1/2

) 

C1  C2 C3 (R1)
2
 (R2)

2
 (R3)

2
 

Pb
2+

 18.235 1.308 0.401 0 39.111 45.402 1.000 0.974 0.940 

Cd
2+

 16.229 3.203 0.170 0 26.083 44.527 1.000 0.934 0.990 

Ni
2+

 7.752 1.126 - 0 15.668 - 1.000 0.993 - 
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Table 7 

Comparison of adsorption capacity of metal ions with other adsorbents 

Pb
2+

 Cd
2+

 Ni
2+

 

Adsorbent 

qmax 

(mg g
-

1
) 

Ref. Adsorbent 

qmax  

(mg g
-

1
) 

Ref. Adsorbent 

qmax  

(mg g
-

1
) 

Ref. 

Raw apricot 

stones 

7.78 Present study 

Raw apricot 

stones 

6.35 Present study 

Raw apricot 

stones 

4.21 Present study 

Tamarind 

wood 

43.85 

(Acharya et al., 

2009) 

Canna 

indica 

188.80 

(Cui et al., 

2016) 

Punica 

granatum 

peel waste 

52.00 

(Bhatnagar and 

Minocha, 

2010) 

Van apple 

pulp 

15.96 

(Depci et al., 

2012) 

Phragmites 

australis 

62.11 

(Guo et al., 

2016) 

Phragmites 

australis 

34.72 

(Guo et al., 

2016) 

Dairy 

manure 

derived 

biochar 

37.80 

(Kołodynskaska 

et al., 2017) 

Phaseolus 

aureus hulls 

15.70 

(Rao et al., 

2009) 

Sericite 44.00 

(Kwon and 

Jeon, 2012) 

Fig wood 

sawdust 

80.65 

(Ghasemi et al., 

2014b) 

Hickory 

wood 

28.10 

(H. Wang et al., 

2015) 

Apricot 

stone 

27.21 

(Kobya et al., 

2005) 

Glycyrrhiza 

glabra 

residue 

200.00 

(Mohammadi et 

al., 2014) 

Grape stalk 29.10 

(Trakal et al., 

2016) 

Glycyrrhiza 

glabra 

residue 

166.70 

(Mohammadi 

et al., 2014) 

Cherry/sweet 

sherry 

kernels 

180.26 

(Pap et al., 

2016) 

Cherry/sweet 

sherry 

kernels 

198.74 

(Pap et al., 

2016) 

Cherry/sweet 

sherry 

kernels 

77.71 

(Pap et al., 

2016)  

AsPhA 179.48 Present study AsPhA 105.84 Present study AsPhA 78.80 Present study 
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