
Engineered Mg-modified biochar-
based sorbent for arsenic 
separation and pre-concentration
Vladimír Frišták1, Kristína Beliančínová1, Lucia Polťáková1, Eduardo Moreno-Jimenéz2, 
Andrew R. Zimmerman3, Libor Ďuriška4, Ivona Černičková4,  
Haywood Dail Laughinghouse IV5 & Martin Pipíška1

The utilization of biochar as a relatively efficient sorbent or stationary phase for the separation and 
preconcentration of a wide range of analytes represents an innovative approach in current sample 
pretreatment methods. Appropriate pre- and post-pyrolysis modification of the input precursor and 
pyrolysis product, respectively, allows targeted design of the physicochemical properties and sorption 
characteristics of the resulting sorbent. The present work deals with the preparation of pyrolysis 
materials based on unmodified cattail leaf biomass (BC) and its Mg-modified analogue (MgBC) by a 
slow pyrolysis process at 500 °C and a residence time of 1 h in a pyrolysis reactor. Physicochemical 
characterization of BC and MgBC carried out by pH, total C, N, surface size analysis (SSA), 13C NMR, 
SEM-EDX and XRD confirmed significant morphological and mineralogical differences between the 
prepared sorbents. By performing sorption experiments using a model anionic analyte (As) and 
application of Langmuir isotherm, we found that the predicted maximum sorption capacity of MgBC 
for As is 13.5-fold higher than that of BC. The sorption process of As by both sorbents is best described 
by the Sips adsorption isotherm (R2 ≥ 0.995) and a pseudo-nth order kinetic model (R2 ≥ 0.997). 
The optimum pH for As sorption by BC and MgBC sorbents is in the interval 5–6. The presence of 
competitive phosphate anions (equimolar concentration of 1:1) in the solution significantly reduces the 
sorption capacity of MgBC for As by 40% for BC by 70%. The presence of Cl- ions showed no significant 
effect on the sorption capacity of Bc and MgBC for As. Both sorbents were best recovered using 
0.1 mol/L NaOH solution when the desorption efficiency for both sorbents was more than 95%. The 
MgBC sorbent showed 35% retention of As from the real sample in the model SPE column at a flow rate 
of 0.12 mL/s. Based on the obtained knowledge, it is evident that biochar-based sorbent prepared from 
Mg-modified precursor represents an effective sorbent for anionic forms of analytes and opens the 
possibility of its use also in preconcentration and separation techniques.
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Determination of trace concentrations of analytes is an essential requirement for several areas of human activities, 
therefore one of the main goals of green analytical chemistry is to develop simple, environmentally friendly, safe, 
selective and sensitive procedures and methodologies for the determination of selected analytes even at very low 
concentrations. The use of biochar as an efficient stationary phase for the separation and preconcentration of 
different analytes represents an innovative approach for sample pretreatment1.

Solid phase extraction (SPE) is used to extract analytes from different types of matrices. This extraction 
method is often used mainly due to its speed, simplicity, relatively high efficiency and easy automation of 
the process. SPE as a separation method is also relatively inexpensive and allows the determination of trace 
concentrations in a small sample volume. Since the above-mentioned advantages, SPE very often replaces 
conventional liquid-liquid extraction. SPE is based on the separation of an analyte from a liquid sample. The 
liquid sample represents the mobile phase of the system, which passes through a solid adsorbent representing 
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the stationary phase of the system, and the components from the liquid phase are adsorbed onto the surface of 
the adsorbent. Subsequently, the bound analytes are eluted from the sorbent into a suitable solvent. The analytes 
must have a higher affinity for the sorbent than for the liquid phase from which they are adsorbed2.

Sorbents or stationary phases used in SPE are gaining increasing attention because they play a key role in 
achieving higher purification and sample treatment efficiencies for trace analysis of a wide range of analytes in 
complex matrices2. Sorbents are broadly classified into three main material groups namely oxides, sorbents with 
low specificity for a given analyte (general purpose) and sorbents highly specific for a given analyte structure3. 
In recent years, many other sorbents have been investigated and put into practice to replace traditional sorbents 
in the extraction of target analytes4. These are mainly modern and low-cost sorbents based on waste materials, 
carbonaceous materials as well as biosorbents.

Biochar represents a porous carbonaceous material with high degree of aromatic structure, which is 
produced by the thermal decomposition (pyrolysis) of plant biomass or animal origin in the absence of oxygen 
or in an oxygen-limited environment. Biochar contains predominantly C, H and O and in lower concentrations 
N, S, P, K, Na, Mg, Al, Fe, Ca and Si5. Pyrolysis is an anaerobic thermochemical process that results in the 
decomposition of organic matter into gas, bio-oil and a solid by-product- biochar6. Despite the absence of 
oxygen, partial oxidation can occur during pyrolysis, e.g. due to the natural oxygen content of the biomass7. An 
important property of biochar that affects its application as a sorbent in analyte separation processes is its surface 
charge. As we know well the pH of the solution or sample significantly affects the surface charge of biochar. The 
properties of biochar can be modified by pre-pyrolysis as well as post-pyrolysis treatment procedures (so-called 
modification). Pre-pyrolysis treatment is the treatment of the input precursor (biomass) by a process of biological, 
chemical or physical activation. Temperature and pressure do not usually form the cranking parameters. The 
biomass thus modified is subsequently subjected to pyrolysis treatment. In the case of post-pyrolysis treatment, 
the natural precursor (raw biomass) enters the thermochemical conversion process without any activation. After 
pyrolysis treatment, the resulting product (biochar) is subjected to biological, chemical or physical modification. 
Modification of biomass by appropriate physical as well as chemical processes has proven to be a suitable tool for 
achieving the observed material characteristics of the resulting biochar8. During the modification of biochar by 
acids, ash residues and impurities are removed from the surface and new carboxyl groups are bound or created, 
which give the final product a higher affinity for the cations of the analytes9. Modifications using an oxidizing 
agent can be carried out using hydrogen peroxide (H2O2) or nitric acid (HNO3) at low temperatures. The use of 
HNO3 reduces the specific surface area and pore volume due to the destruction of the porous structure of biochar. 
Sulfurization by SO2 or H2S can also have a destructive effect on the porosity, but can, for example, significantly 
increase the sorption capacity for Hg. Nitrogenating or nitrogen modification is mainly carried out by treating 
biochar with ammonia (NH3) in the gaseous state and is used to achieve polarity and alkalinity enhancement to 
increase the sorption capacity but also the catalytic properties of pyrolysis materials7. An important role in the 
modification of biochar or its precursor is the formation of suitable mineral composites that can serve as active 
sorption sites for oxyanions, whose sorption separation in the case of unmodified materials is negligible.

Since most scientific studies are devoted to the characterization of biochar as a sorbent under embedded 
(static) conditions and only a limiting literature is available on SPE applications, this line of scientific research is 
highly relevant and in demand. In the work of Zhang et al10., the authors prepared magnetic biochar obtained by 
pyrolysis of bamboo and wood-based feedstock precursors, followed by a magnetization process. The prepared 
materials were used as efficient sorbents for SPE-extraction of fentanyl analogues from urine. Ozdes et al11. 
describe the preparation of biochar from melon peels that were modified with CoFe2O4 (MPBC/ CoFe2O4). The 
prepared material was characterized as an SPE-sorbent for the separation and preconcentration of selected heavy 
metal ions such as Cu2+, Cd2+ and Pb2+. Rovani et al12. highlighted the thermochemical treatment of coffee waste 
and eucalyptus sawdust to produce sorbents for the preconcentration of 17β-oestradiol from aqueous solutions. 
Similarly, Duran et al13. in their work used magnetic biochar prepared from Alnus glutinosa (sticky alder), which 
was subsequently modified with Fe3O4/SiO2-cetyltrimethylammonium bromide to a magnetic analogue for an 
SPE cartridge useful for the separation of Cu2+, Cd2+ and Pb2+ ions from water samples and fruit juices.

Based on the above, the main objective of the work was to verify the effectiveness of Mg- pre-pyrolysis 
modification of the feed precursor to increase the sorption efficiency of the prepared biochar for AsO4

3− 
oxyanions. The choice of arsenic as a model analyte represents the most insight into the chemical speciation, 
the form as well as the toxicological profile of this semi-metal. From the point of view of its occurrence and 
preconcentration in surface waters, it represents an interesting analyte, the detection of which is fully desirable 
in all areas of health and safety assurance. Another important objective was to evaluate the effectiveness of using 
this material as a packing for pilot SPE preconcentration columns.

Materials and methods
Preparation of biochar-based sorbents
For biochar production, leaf biomass of cattail (Typha latifolia) collected in the South Florida Watershed 
was used as the input precursor. The plant biomass was subsequently washed in deionized water, chopped 
to approximately equal size, and dried for 7 days. The biomass was then divided into two fractions, with the 
first fraction subjected to chemical pre-pyrolysis modification with a 1.5 mol/L MgCl2 solution at a 1:10 ratio 
(biomass: modifying agent). The prepared unmodified as well as the Mg-pre-pyrolysis modified feedstock 
precursor were subjected to a slow pyrolysis process under analogous conditions, namely pyrolysis temperature 
of 500 °C, biomass residence time in the reactor of 60 min and provision of an anoxic atmosphere with gaseous 
N2 in the inlet pyrolysis reactor. The prepared pyrolysis products based on unmodified biomass (BC) and Mg-
modified cattail leaf biomass (MgBC) were ground and using standard sieves, a fraction of 0.25–1  mm was 
obtained, which was subsequently stripped of residual moisture by drying at 50 °C for 24 h.
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Physico-chemical characterisation
The basic physicochemical parameters of BC and MgBC were obtained by determining the active pH in 
deionized water (v/v 1/10, shaking for 1 h at 45 rpm and stabilization for 1 h) using a pH/EC multimeter 3420 
(WTW, Germany), total organic C and N content using a CN analyser LECO CN-628 (St. Joseph, MI, USA). 
Water-extractable forms of AsO4

3−, PO4
3− and NO3

− were determined in aqueous extracts of BC and MgBC (v/v 
1/40) after 24 h extraction time at 22 °C, 150 rpm using AA3 HR autoanalyzer (SEAL Analytical, Wisconsin, 
USA) and Ecaflow (ISTRAN, Slovakia). The determination of the point of zero charge (pHPZC) was carried 
out using a series of 0.01 mol/l NaCl solutions with pH ranging from 1 to 12. pH values were adjusted using 
0.1 mol/l HCl and 0.1 mol/l NaOH and pHPZC was determined using a pH/EC multimeter (HANNA, USA). 
The specific surface area (SSA) of BC and MgBC samples was determined by CO2 adsorption method using 
Quantrachrome AsiQwin TM (Boyton Beach, Florida, USA). Characterization of the morphology and structure 
of BC and MgBC samples was performed using a JEOL JSM-7600  F scanning electron microscope (SEM) 
(Tokyo, Japan). The microscope was operated at an accelerating voltage of 20  kV in the secondary electron 
mode (LEI). Energy dispersive X-ray spectroscopy (EDX) was used for elemental mapping using an Oxford 
Instruments X-max 50 spectrometer. The 13C (100.73 MHz) CPMAS NMR spectra of BC and MgBC samples 
were obtained with a Bruker AV WB 400 spectrometer at 300 K using a 4 mm three-channel probe head. X-ray 
diffraction (XRD) analysis was performed using a Philips PW 1830 diffractometer (Philips N.V., Amsterdam, 
The Netherlands) with iron-filtered Co Kα1,2 radiation to determine the crystal structure of the BC and MgBC 
samples. Diffractograms were obtained over a range of diffraction angles (2θ) between 10 and 80° with a step size 
of 0.02° and an exposure time of 10 s per step.

Batch sorption experiments
Effect of sorbate’s initial concentration
To describe the sorption properties of the investigated BC and MgBC adsorbents, we used AsO4

3− as a model 
sorbate present in aqueous solution predominantly in the anionic form. To investigate the dependence of the 
sorption capacity of the studied BC and MgBC sorbents on the initial As concentration in solution, we worked 
with solutions with As concentrations of 1, 5, 10, 20 and 50 mg/L, with pH values 5–6. We weighed 0.1 g of BC 
or MgBC sorbent into the centrifuge tubes and then added 7.5 mL of As solution. The obtained suspensions 
were stirred for 24  h on a laboratory shaker (Multi RS-60, Biosan, Lithuania). After a contact time of 24  h, 
we separated the supernatant from the sediment by centrifugation for 10 min and at 4000 rpm (EBA 200 S, 
Hettich, Germany). After removal from the centrifuge, we filtered the supernatant through a 0.45 μm nylon 
syringe filter. After filtering, we detected pH values in the supernatants using a multimeter (Multi 3420, WTW, 
Germany). These samples were then analyzed using flow stripping chronopotentiometry (EcaFlow 150 with 
E-T/Au type electrode, Istran, Slovakia) with application of a gold Et-Au working electrode The electrochemical 
determination itself followed the manufacturer’s prescribed methodology for the determination of total As in all 
types of aqueous samples-drinking water, groundwater, surface water as well as wastewater (Application Note 
No. 40). The principle of the determination is based on the use of stripping chronopotentiometry (SCP) where 
As(III) as well as As(V) is electrochemically separated on the working electrode as elemental arsenic according 
to the following redox reactions:

	 AsO3−
3 + 6H+ → As0 + 3H2O − 3e−� (1) 

	 AsO3−
4 + 8H+ → As0 + 4H2O − 5e−� (2) 

In the next step, the deposit of the excluded As is dissolved by a constant current, registering the obtained 
analytical signal. The chronopotentiogram is used to calculate the concentration of arsenic in the supernatant 
sample after sorption as the equilibrium concentration of As. To calculate the amount of As sorbed by BC- and 
MgBC-based sorbents, we assumed the following basic relationship:

	 Qeq = (C0 − Ceq) ∗ V/m� (3) 

 where Qeq expresses the amount of As adsorbed (mg/g), C0 expresses the initial concentration of As in solution 
(mg/L), Ceq represents the equilibrium concentration of As (mg/L), V is the volume of the solution (L) and mis 
the mass of the adsorbent (g)14.

For sorption data characterization, the empirical equations of the models of Langmuir15, Freundlich16, and 
Sips (combined Langmuir–Freundlich model)17 adsorption isotherms were applied. The adsorption isotherm 
parameters were obtained using non-linear regression via the software: MicroCal Origin 8.0 Professional 
(OriginLab Corporation, Northampton, MA, USA).

The model of Langmuir isotherm (Eq. (4)) is given by the following empirical equation:

	
Qeq = (bQmaxCeq)

((1 + bCeq) � (4)
 

where b represents the coefficient characterizing the affinity of material to As ions in the matrix (L/mg), Qeq is the 
amount of adsorbed As at time of equilibrium (mg/g), Ceq is As concentration in equilibrium (mg/L) and Qmax 
is the maximum sorption capacity at saturated sorbent binding sites (mg/g).

The Freundlich adsorption model (Eq. (5)) is given by the following equation:

	 Qeq = KC1/n
eq � (5) 
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where n and K represent the Freundlich empirical constants characterizing intensity of sorption (L/g), Ceq is a As 
concentration in equilibrium (mg/L) and Qeq is the amount of sorbed As ions at equilibrium (mg/g).

The combined form of Langmuir and Freundlich expressions (Eq.  (6)) (Sips isotherm) is given by the 
equation:

	
Qeq = (Qm(bCeq)1/n)

((1 + (bCeq)1/n)
� (6)

 

where Qeq is the amount of sorbed As at equilibrium (mg/g), b is the Sips constant characterizing sorbent affinity 
to As ions in solution (L/mg), Ceq represents the As equilibrium concentration in solution (mg/L), n is the index 
of heterogeneity and Qm is the monolayer sorption capacity at saturated sorbent binding sites (mg/g).

Effect of contact time
To observe the dependence of the sorption capacity of BC and MgBC for As on contact time, we used an As solution 
with a concentration of 10 mg/L and a pH value 5–6. We weighed 0.1 g of BC and MgBC sorbent, respectively, 
into centrifuge tubes and added 7.5 mL of As solution. The As concentration in the solution was measured at time 
intervals of 5, 10, 30, 60, 120, 240, 360, 1440 and 2880 min using a flow stripping chronopotentiometry (EcaFlow 
150 with E-T/Au type electrode, ISTRAN, Slovakia) considering the sample treatment time (centrifugation). 
The measurement was carried out in three repetitions. The obtained experimental kinetic data on the sorption 
capacity of BC and MgBC were subsequently described by pseudo-first, pseudo-second and pseudo-n-th 
order kinetic models8. The kinetic parameters were obtained by the software: MicroCal Origin 8.0 Professional 
(OriginLab Corporation, Northampton, MA, USA).

The pseudo-first order model (Eq. (7)) (Lagergren equation) can be defined as:

	
dQt

dt
= k1(Qeq − Qt)� (7)

 

where Qeq represents the value of As sorbed at equilibrium time (mg/g), Qt is the amount of As sorbed at time t 
(mg/g), and k1 is the constant rate of pseudo-first order action (1/min).

The pseudo-second order equation (Eq. (8)) can be defined as:

	
dQt

dt
= k2(Qeq − Qt)2� (8)

 

where Qt and Qeq have equal meanings as in the pseudo-first order model and k2 is the constant rate of the 
pseudo-second order (g/mg/min).

The pseudo-nthorder18 (Eq. (9)) can be defined as:

	
dQt

dt
= k3

(Qn
eq − Qn

t )
Qn−1 � (9)

 

where n is the order of rate equation, Qeq and Qt have the same meanings as in the pseudo-first order, and k3 
represents the constant rate of the pseudo-nth order (g/mg min−1).

Effect of pH
To investigate the effect of pH on As sorption by BC and MgBC sorbents, we used As solutions with a 
concentration of 10 mg/L, pH values of 3, 4, 5, 6, 7 and 8 adjusted with 1 mol/L HCl and 1 mol/L NaOH. We 
weighed 0.1 g of sorbent BC and MgBC, respectively, into centrifuge tubes and added 7.5 mL of As solution. 
The obtained suspensions were stirred on a shaker (Multi RS-60, Biosan, Lithuania) for 24 h, 23 °C and then 
centrifuged at 4000 rpm for 10 min. After sediment separation, we filtered the obtained supernatant through a 
0.45 μm nylon syringe filter and measured the pHeq value using a Multi 3420 multimeter (WTW, Germany). 
The concentration of As in the samples was quantified electrochemically in a similar manner as in the previous 
section. The experiment was carried out in 3 replicates. To determine the chemical speciation of arsenic, i.e. to 
determine the ratio of all ionic forms of arsenic in aqueous solutions, the Visual MINTEQ program (version 
3.01) was used, based on the values of the stability constants of the log K complexes and on the thermodynamic 
characteristics of dHr under defined environmental conditions (pH, ionic strength, concentration, temperature).

Effect of competitive co-ions
We used Cl− (NaCl) and PO4

3− ((NH4)2HPO4) ions at concentrations of 5 mg/L, 10 mg/L and 20 mg/L in As 
solutions (10 mg/L) to investigate the effect of ion competence of ions frequently present in waters and aqueous 
samples, respectively. The pH of the solutions was adjusted with 1 mol/L HCL and 1 mol/L NaOH to values in 
the range of 5–6. We weighed 0.1 g of BC and MgBC sorbent, respectively, into the tubes and added 7.5 mL of the 
solution. The obtained suspensions were stirred for 24 h on a laboratory shaker (Multi RS-6, Biosan, Lithuania) 
and then the supernatant was separated from the sediment by centrifugation, which was filtered through a 
0.45 μm nylon syringe filter. Samples were analyzed as in the previous sections using an electrochemical analyser 
(EcaFlow 150 with E-T/Au type electrode, ISTRAN, Slovakia).
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Regeneration of sorbents
To confirm the possibility of BC and MgBC regeneration after As sorption, we used deionized water, 1 mol/L 
HCl and 1 mol/L NaOH as desorption reagents. The BC and MgBC sorbents after previous As sorption (c0 
10 mg/L) were dried to constant weight at 60 °C for 24 h. To the weighed sorbent, 7.5 mL of desorption reagent 
was added, and the obtained suspension was stirred for 24 h at 45 rpm on a laboratory shaker (Multi RS-60, 
Biosan, Lithuania). The obtained supernatant was filtered through a 0.45 μm nylon syringe filter and subjected 
to electrochemical analysis for the determination of unsorbed As (EcaFlow 150 with E-T/Au type electrode, 
ISTRAN, Slovakia).

Applicability of sorbents as SPE column cartridge
To confirm the applicability of MgBC as a SPE column cartridge, we used a model column with a total volume of 
25 mL filled with 1 g of sorbent anchored with glass wool. To verify the suitability of the sorbent as SPE column 
packing, liquid laboratory waste from previous experiments was used as a real sample. The exact concentration 
of As in the solution as well as in the eluate coming out of the column was determined by As determination with 
an electrochemical analyser as in the previous case. The flow rate of the dosed solution in column was 0.12 mL/s.

Results and discussion
Sorbents characterization
The active pH for the MgBC-based sorbent indicated a higher value (9.85) compared to BC (8.21) (Table 1). The 
authors in the work of Jindo et al19. determined similar active pH values for unmodified biochar based on rice 
straw and oak wood chips, respectively. The higher alkaline character of MgBC resulted from the pre-pyrolysis 
treatment of the initial precursor of cattail leaves in MgCl2 solution and the subsequent thermochemical 
conversion carried out at 500 °C. It was also found that the pHPZC of the BC increased from 7.5 to 8.4 for the 
MgBC. The point of zero charge (pHPZC) of biochar represents the pH of the solution, at which the surface 
charge of biochar is zero. If we have a solution with a pH ˃ pHPZC, the biochar will be negatively charged and will 
then bind to its surface cations of analytes such as Cu2+, Pd2+ or Hg2+. If, on the other hand, we have a solution 
with pH ˂ pHPZC, the surface charge of biochar will be positive and will bind anionic forms such as HAsO4

2− or 
HCrO4

2−. At higher pyrolysis temperature, the amount of negatively charged functional groups (-COO−, -COH,-
OH) decreases as well, leading to an increase in pHPZC20. Elemental analysis of BC and MgBC confirmed a 
higher content of total C in the unmodified biochar (69.97%) than in the Mg-modified biochar (58.93%). The 
total amount of N was 1.61% and 2.27% in the BC and MgBC samples, respectively. In the work of Saleh et al21. 
for Mg-modification of biomass feedstock, the authors confirmed a similar trend in the decrease of total N in the 
modified pyrolysis product compared to unmodified biochar. Determination of surface area by CO2 adsorption 
by BC and MgBC materials followed by application of mathematical models of BET adsorption model indicated 
a decrease in SSA value from 282.4 m2/g for BC to 256.9 m2/g for MgBC because of Mg impregnation of 
biomass. The decrease in SSA was also evident in the determination of micropore volume. As is evident from the 
determined parameters Mg-modification of cattail biomass with subsequent pyrolysis led to the closure of some 
plant braid structures and thus blocking the forming porosity. The total micropore volume was 0.100 mL/g at 
BC and 0.092 mL/g at MgBC. Determination of the readily soluble forms of P and N as the respective cationic 
and anionic chemical forms confirmed negligible concentrations. Determination of the total As concentration 
confirmed for both BC and MgBC materials concentrations lower than the quantification limit (0.05 µg/g) for 
the analytical method used.

The 13C nuclear magnetic resonance spectroscopy results (Fig. 1A, B) for both BC and MgBC solid carbon 
samples are of the same nature. The spectra are dominated by an intense peak in the chemical shift region around 
δ = 130 ppm, indicating the presence of carbon bound in the aromatic structures. On detailed description of the 
NMR spectra obtained, it is evident that the majoritarian peak of MgBC has a straight-line shape in contrast 
to BC and the upper part of the left arm. The results of Singh et al22. demonstrated that this phenomenon 
can occur if lignin and tannin are retained in the sample, an oxygen-substituted aryl structure is formed, or 
oxygen substitution of aromatic C has occurred. We also observe two minor peaks in the spectra. The first in 
the δ = 30 ppm region, characteristic of the presence of alkyl structures, and the second in the δ = 200–230 ppm 

BC MgBC

pH 8.21 + 0.50 9.85 + 0.50

C (%) 69.97 59.93

N (%) 1.61 2.27

Specific surface area (m2/g) 282.4 256.9

Vpores (mL/g) 0.100 0.092

pHPZC 7.50 8.40

AsO4
3− (µg/g) < 0.05 < 0.05

PO4
3− (µg/g) 50.0 ± 0.5 3.8 ± 0.7

NO3
− (µg/g) 1.3 ± 0.2 2.8 ± 0.2

NH4
+ (µg/g) 6.2 ± 0.2 9.0 ± 0.8

Table 1.  Basic physicochemical characteristics of BC and MgBC. * measurement of the representative sample 
in one repetition.
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region, characteristic of the presence of carbonyl and carboxyl structures. The carbon present in alkyl structures 
represents the degradable part of biochar, which acts as a substrate in the soil and at the same time is a source 
of C and energy for microorganisms19. Scanning electron microscopy of BC and MgBC at 250× (Fig. 2A, C) 
and 1000× (Fig. 2B, D) magnification confirmed the porous nature of both samples. In the case of MgBC, the 
presence of needle-like crystalline structures is characteristic, which we predict the formation of Mg mineral 
composites on the surfaces of modified biochar.

For this purpose, we also chose to include energy-dispersive X-ray analysis (EDX), which confirms to us 
not only the efficiency of pyrolysis (Fig. 3A, B) but also the Mg-modification itself (Fig. 3C, D,E, F) with the 
formation of key chemical forms of magnesium on the surface of the MgBC sorbent. Elemental mapping 
revealed the formation of Mg composites with Cl, O, H, C. Similar forms were observed for Mg-modification of 
biochar based on walnut shells as input precursor produced at 500 °C23. A detailed picture of the mineralogical 
constitution of BC and especially MgBC sorbents was obtained by XRD analysis. X-ray diffraction analysis of 
BC and MgBC samples (Fig. 4A, B) confirmed the efficiency of Mg-chemical modification of the feed precursor 
and the creation of new chemical forms of Mg in the MgBC pyrolysis product (Fig. 3C). As evident from the 
obtained diffraction spectra, the BC sample contains a qualitatively rather conventional mineral representation 
in the context of biochar samples produced from plant residues24. The obtained characteristic peaks in the X-ray 
diffractogram of the BC sample in the range of 5–80° were relatively narrow, which refutes the nanocrystalline 
nature of the mineral components. The detection of graphene structures in the BC sample was more pronounced 
in terms of the peaks present at 2θ = 18.5, 35 and 54. The peak at 2θ = 29.5 is attributed to the hexagonal structure 
of calcite (CaCO3) based on the comparison of the datasets with the database, whose intensity decreased for 
the MgBC sample (Fig.  4B) due to the formation of new composites CaCO3 + CH7ClMg2O7 i.e. calcite and 
chloroartinite (Mg2(CO3)Cl(OH)−3H2O) as the major mineral form of the Mg present in the MgBC structure. 
Chloroartinite as a chemical form formed at lower pyrolysis temperatures (400–500 °C) has been confirmed 
as well as an intermediate form of Mg in the pyrolysis of Mg-modified beech wood chips in the temperature 
range of 350–700  °C8. Similarly, the X-ray diffractogram of MgBC shows the presence of a peak at 2θ = 43 
corresponding to the cubic phase of MgO (periclase). In both spectra there are further characteristic peaks 
corresponding to the cubic phases of sylvinite (KCl), halite (NaCl), zeolite (SiO2) as well as the orthorhombic 
structure of boehmite (AlO(OH)).

Fig. 1.  13C-NMR spectra of BC (A) and MgBC (B).
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Sorption testing
To determine the dependence of the sorption capacity for BC and MgBC sorbents on the initial As concentration 
in solution, we performed an experiment using As solutions with a concentration range of 1–50 mg/L with a pH 
value in the range of 5–6 and a contact time of 24 h. The values obtained confirmed only minimal sorption of As 
by the BC sorbent (Fig. 5A). The obtained experimental data were described using the mathematical model of 
Langmuir, Freundlich and Sips (Langmuir-Freundlich) adsorption isotherm (Fig. 5A, B). For both sorbents, the 
sorption data were best described by the Sips adsorption isotherm with an R2 (coefficient of determination) value 
for BC of 0.99597 and for MgBC of 0.99521. The Sips model generally represents a three-parameter isotherm 
as a combination of the Langmuir and Freundlich models. The model ideally describes the sorption process of 
analytes onto sorbents of heterogeneous nature and heterogeneous surfaces, which the investigated BC- and 
MgBC-based sorbents actually are. The maximum experimental Qeq As value for MgBC was in the range of 
2.25–2.5 mg/g, which represents a significant difference from the maximum experimental Qeq value for BC of 
0.0375 mg/g. The predicted value of the maximum sorption capacity Qmaxcalculated from the Langmuir model 
for MgBC was 13.5-fold higher compared to BC. According to Yan et al25., the maximum sorption capacity of 
biochar modified with ZnCl2for As is 17.2 mg/g. Zhu et al26. in their work, reported that the modification of 
biochar by forming α-FeOOH composites leads to an increase in the value of the maximum sorption capacity for 
As to 78.30 mg/g. Zhu et al26. as well as Van Vihn et al27. reported that the sorption process of As onto Zn(NO3)2-
modified biochar is best described by the Langmuir isotherm with R2= 0.93. On the other hand, Xia et al29. 
reported in their work that the sorption of As by biochar modified with ZnCl2 is most effectively described by 
the Freundlich adsorption isotherm with R2 ˃ 0.99.

To determine the dependence of the BC and MgBC sorption capacity for As on the contact time between 
sorbent and sorbate, we used an As solution with a concentration of 10 mg/L and a contact time in the range of 
5–2880 min. The experimental data obtained were described by pseudo-first-, pseudo-second- and pseudo-nth-
order kinetic models (Table 2). The As sorption process for both sorbents is best described by the pseudo-nth 
order kinetic model with an R2 value of 0.9989 for BC and 0.9967 for MgBC. The experimental results show that 
the optimum contact time to reach saturation of the sorbent with sorbate is 24 h with Qeq = 0.035 ± 0.003 mg/g 
for BC and Qeq= 0.63 ± 0.02 mg/g for MgBC. For this reason, we also used this time in further experiments. 
Sorption of As by MgBC-based sorbent proceeds in two steps. The beginning is dominated by a relatively 
fast initial phase that lasts for 6 h during which the maximum number of binding sites is occupied. A second, 
slower and quantitatively less significant phase involves saturation of the sorbent with arsenic ions. The same 
sorption process from a kinetic point of view was also characterized in the work by Wang et al28.. Other 
authors29–31reported in their works that the percentage of As removed by biochar-based sorbents prepared 
from banana peels, fruit stones and residues after biogas production increases with increasing sorption time. In 
contrast to our results, Xia et al29. reported that the kinetics of As sorption by ZnCl2-modified biochars is best 

Fig. 2.  SEM images of BC (A, B) and MgBC (C, D) at 250x and 1000x magnification.
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described by a pseudo-second-order kinetic model. This result was also reached by Zhu et al26.. Authors sorbed 
As onto biochar modified with α-FeOOH prepared by pyrolysis of wheat straw.

¨
To investigate the effect of pH on the As sorption process, we used an As solution with a concentration of 10 mg/L 
whose pH ranged from 3 to 8 and with a contact time of 24 h. From the experimental results, we found the effect 
of initial pH of the system on the equilibrium amount of As sorbed by BC and MgBC sorbents (Fig. 6A, B) and 
the change of pH with time (Fig. 6C). By observing the effect of pH on the equilibrium amount of sorbed As, we 
found that the Qeq value decreased with increasing initial pH value for BC sorbent and remained approximately 
the same for MgBC sorbent. The minimum change occurred in the pH 3–4 interval when Qeqincreased slightly, 
stabilized and then had a decreasing trend at pH 7. These results suggest that the optimum pH for As sorption 
is in the interval 5–6. Yan et al25. who used biochar modified with ZnCl2concluded that the sorption capacity 
decreases with increasing pH. Lata et al30. reasoned this that the change in pH changed the surface charge of 
biochar to negative, which caused the surface of biochar to repel sorbate. Only Rahman et al31. reported that 
the pH of the solution had minimal effect on the sorption of As. For this experiment, the authors used biochar 
modified with FeSO4 with a study pH range of 2–9. This can be attributed to the large surface area of the biochar 
and the change in chemical speciation of arsenic because of the change in reaction pH. The kinetic assessment of 
the pH change (Fig. 6C) confirmed that the pH increased from an initial value of 5.8 to 8 after only 30 min when 
As was sorbed with BC sorbent. After 60 min, the pH change slowed down and at the end of the experiment, 
after 48 h, it was 9.2. For MgBC, the change was more rapid, as after 5 min the pH had already risen to 9.2 
and the value at the end of the experiment was 10. In silico spectroscopic analysis performed using Visual 
MINTEQ (version 3. 01), which is based on the values of the stability constants of the log K complexes and on 
the thermodynamic characteristics of dHr under defined environmental conditions (Fig. 6D), confirmed to us 
that, under our experimental conditions, As at pH 3 in aqueous solution occurs in the form of H3AsO4 (18%) 
and H2AsO4

− (82%). The concentration of H3AsO4 decreases with increasing pH value. At pH 4, a dissociated 

Fig. 3.  EDX surface analysis of MgBC (A) with elemental mapping of C (B), Mg (C), O (D), Ca (E) and Cl (F).
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form of HAsO4
2− begins to appear, which becomes dominant with increasing pH. The dissociated form H2AsO4

−, 
which was dominant at pH 3, reached almost 100% at pH 4–6, but after pH 6 its content in the solution began to 
decrease and by pH 8 it represented less than 10% of the total As content of the solution. According to these facts, 
we found that the As solution at the beginning of the experiment contained As in the majority form H2AsO4

−. As 
the pH increased rapidly, after a short time the dominant dissociated form was already HAsO4

2−.

Fig. 5.  Experimental data of the equilibrium sorption process of As by BC (A) and MgBC (B) based sorbents 
described by Langmuir, Freundlich and Sips adsorption isotherm models.

 

Fig. 4.  XRD diffraction spectra of BC (A) and MgBC (B).

 

Scientific Reports |        (2024) 14:28680 9| https://doi.org/10.1038/s41598-024-79446-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


To investigate the effect of competition of other ions on the sorption process of As (10  mg/L), we used 
solutions of PO4

3− and Cl− ions at concentrations of 5, 10 and 20 mg/L. From the experimental data obtained 
on the sorption capacity of BC and MgBC, we found that PO4

3− had a significant effect on As sorption for both 
sorbents. At BC and 5 mg/L PO4

3− concentrations, there was no significant change in Qeq value, but at higher 
concentrations the effect became more pronounced. Increasing the concentration to 10 mg/L PO4

3− caused the 
Qeq capacity value to decrease by more than half. At a concentration of 20 mg/L, there was an equally significant 

Fig. 6.  Dependence of As-sorption capacity (-) of BC-based (A) and MgBC-based (B) sorbents and 
equilibrium pH (-) on the initial pH value. Effect of contact time between sorbent and sorbate on pH 
change (pH0 5.8) (C), in silico spectroscopic analysis of As (10 mg/L) in the pH range 3–8 obtained with the 
spectroscopic program Visual MINTEQ ver. 3.1 under the following conditions: deionised water, 23 °C (D).

 

applied model parameter BC MgBC

kinetic model of pseudo-first order

Qeq (mg/g) 0,100054 0,4515

k1 (g/mg/min) 0,0002847 0,01189

R2 0,98074 0,95471

kinetic model of pseudo-second order

Qeq (mg/g) 0,20142 0,53581

k2 (g/mg/min) 0,0006954 0,02387

R2 0,97495 0,97027

kinetic model of pseudo-nth order

Qeq (mg/g) 0,35965 0,56745

k3 (g/mg/min) 0,00566 0,00251

n 0,03976 1,6229

R2 0,99886 0,99672

Table 2.  Parameters of pseudo-first-, -second- and nth-order kinetic models for the description of as sorption 
by BC and MgBC (c0 10 mg/L, sorbent/reaction solution ratio: 1/75, pH 5–6, 22 ± 2 °C´, 45 rpm).
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decrease in sorbent capacity (Fig. 7A). For As sorption by MgBC-based sorbent and PO4
3− concentrations, the 

Qeq value decreased from 0.7 to 0.65 mg/g compared to the control. A concentration of 10 mg/L caused a more 
significant decrease in sorption capacity for As, to 0.45 mg/g. Subsequently, at a concentration of 20 mg/L, we 
observed a significant decrease in sorption capacity for As down to 0.2 mg/g (Fig. 7B). Based on our experimental 
data, we conclude that PO4

3−ions significantly affect the sorption of As and with increasing concentration this 
effect increases for both sorbents. It is evident that phosphorus, as a chemical analogue of As, behaves similarly in 
aqueous solutions. The chemical speciation of As and P and the representation of similarly dissociated chemical 
forms, as well as the influence of solution pH, confirm that in the case of increased P concentration in solution, 
there is a significant reduction in the sorption efficiency of MgBC for As32. The basic characterization of the 
materials (Table 1) likewise confirmed that the BC material releases a higher concentration of phosphate and 
nitrate anions into the aqueous environment compared to MgBC, which only enhances the competence. On the 
other hand, this correlation refutes the possibility of the involvement of an ion-exchange mechanism between 
P and As anions bound in the BC structure. That the presence of phosphate anions significantly influences As 
sorption is also demonstrated by the work of Yan et al25., Lata et al30. and Huang et al33.. In contrast, Cl− ions did 
not have a significant effect on As sorption by both types of BC- and MgBC-based sorbents even at increasing 
concentrations (Fig. 7A, B).

To confirm the regenerability of BC- and MgBC-based sorbents, we studied 0.1  mol/L HCl, NaOH and 
deionized water as desorption agents. Table 3shows that the desorption reagent with the highest efficiency for 
both sorbents studied was 0.1 mol/L NaOH. The desorption efficiency of As at NaOH for both sorbents was more 
than 95% of the bound As. When 0.1 mol/L HCl was used as desorption reagent, the desorption efficiency for 
BC was 50% and for MgBC 23%. Deionised water was found to be the least effective desorption agent for both 
sorbents, with efficiency values of 25% for BC and approximately 2% for MgBC. Similar efficiency of alkaline 
desorption of biochar-bound As has been reported by several authors in their works34–36.

As a final verification of the applicability of MgBC as a potential SPE column packing for the separation of 
As from real sample (liquid waste from experiments), we used 0.5 g of sorbent that was anchored between two 
layers of glass wool. Since from the previous results we found that the sorbent BC-based sorbent proves to be 
less effective for the separation and pre-concentration of As from aqueous solutions, we did not investigate its 
applicability in this experiment. The results obtained demonstrated the retention of As by a column packed with 
MgBC sorbent at a flow rate of 0.12 mL/s and given experimental conditions of 35 ± 2%. Higher efficiencies will 
be achieved when the sample flow rate through the column is reduced. This fact confirms the effectiveness of 
using the investigated material as SPE packing or sorbent for As pre-concentration and extraction procedures.

Desorption agent

Desorption efficiency 
(%)

BC MgBC

HCl 50.01 ± 0.45 23.37 ± 3.51

NaOH 96.16 ± 0.86 97.69 ± 0.02

DV 25.66 ± 0.54 2.08 ± 0.85

Table 3.  Regeneration of BC and MgBC sorbents by desorption reagents: deionized water (DV), NaOH 
(0.1 mol/L NaOH) and HCl (0.1 mol/L HCl) under desorption conditions: sorbent/desorbing agent ratio: 
13.3 g/L, 23 °C, 24 h, 45 rpm.

 

Fig. 7.  Competitive effect of PO4
3− and Cl− on the As sorption process by BC (A) and MgBC (B) sorbents.
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Conclusion
The application of solid pyrolysis products (biochar) as sorbents in preconcentration or extraction procedures 
and sample pretreatment methods represents a rather innovative approach in the use of these materials in 
non-aggregate routes. Both modified (MgBC) and unmodified biochar (BC) based sorbents were subjected to 
physicochemical characterization, which revealed significant differences in elemental, mineralogical as well as 
structural composition and surface morphology. Both materials were tested in a nested arrangement of sorption 
experiments as effective sorbents for the separation of As from aqueous solutions. The results obtained confirmed 
that MgBC exhibited 63-fold higher experimental sorption capacity Qeq for As compared to BC. The sorption 
of As by BC and MgBC based sorbents is a pH and time dependent process with an optimum pH value of 5–6 
and a contact time of 24 h. The sorption capacity of MgBC is dependent on the presence of phosphate anions 
in the solution, which eliminate As sorption. Both BC and MgBC sorbents proved to be well recoverable using 
0.1 mol/L NaOH as desorption reagent (efficiency > than 95%). MgBC proved to be an equally effective cartridge 
of the SPE column with an As retention of 35 ± 2%. The obtained results indicate that pyrolysis products with 
appropriately chosen modification can compete with conventional stationary phases in preconcentration or 
purification columns.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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