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Abstract
The modification process of biochars enables different advantages including enhanced adsorption properties for different 
pollutants. Herein, porous magnetic biochars (PMB) were successfully produced from softwood biomass through a two-step 
pyrolysis process together with FeCl3 modification. The effect of production temperature on adsorption was studied at 200 
or 300 °C, followed by iron salt modification and subsequent pyrolysis at 600 or 800 °C. Biochars were characterized before 
and after phosphate adsorption via various characterization methods to acquire structural, elemental, and morphological 
properties of the adsorbent. The effects of phosphate concentration, contact time, and temperature on the adsorption process 
were examined in the batch mode. The characterization showed embedded iron oxide crystals of 23 nm within the biochar 
structure with a magnetic strength of 38.9 emu/g, which can assist the separation process of the powdered adsorbent from 
the aqueous medium. The surface area of the PMB was measured as 93 m2/g and 0.002 cm3/g pore volume. PMB showed 
complete removal (100%) of phosphate at the lower concentration (5 mg/l P). At higher concentration (25 mg/l P), the bio-
char prepared under 200/800 °C showed the highest removal (30%). The adsorption was enhanced with time (optimal 3 h) 
and temperature, which shows endothermic chemisorption following Langmuir isotherm and Pseudo-second order kinetic 
models. The desorption study suggested the slow release of phosphate from the spent adsorbent and potential reuse for soil 
enhancement. These results point towards the sustainable use of PMB as an effective and magnetically recyclable adsorbent 
for phosphate removal and reclaim.

Keywords  Adsorption · Characterization · Chemical activation · Porous magnetic biochar · Phosphate removal · Water 
treatment

1  Introduction

Biochars are carbonized biomass, commonly used for soil 
and water treatment purposes. They have become popular as 
adsorbents thanks to their high porosity, adsorptive surface 
functionality, and the possibility of tailoring their properties 
for enhanced removal of specific pollutants [1–3]. In addi-
tion to promising adsorptive properties, biochar is relatively 

easy and cost-effective to produce from locally available bio-
mass sources. Depending on the demand, it can be made 
by using large- or small-scale pyrolysis units in production 
facilities which can be situated both near biomass sources 
and near application points. Recent studies confirm effective 
adsorption of pharmaceuticals [4], organic matters [1], and 
heavy metals [5] with biochar produced from locally avail-
able biomass.

Biochars result from the thermal treatment of biomass 
in a limited oxygen atmosphere. The production method, 
and conditions as well as the type of biomass affect the 
final properties of the biochars. The most common meth-
ods for biochar production are fast pyrolysis, slow pyroly-
sis, and hydrothermal carbonization (so-called hydrochar) 
[6]. The pyrolysis can be performed at different tempera-
tures. For example, low-temperature pyrolysis leads to 
porous biochars with low oxygen and hydrogen content, 
while high temperatures result in enhanced surface area, 
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hydrophobicity, and porosity [6]. Furthermore, physical 
or chemical activation can be applied to improve biochar’s 
properties. Activation oxidizes the surface of the biochar 
and introduces further functional groups in its structure 
[7]. Obtained functional groups allow the specific interac-
tions on the adsorbent surface, e.g. electrostatic attraction, 
which results in more effective adsorption of pollutants 
from water [8]. Biochars with such properties can com-
pete with conventional activated carbons, which are often 
developed from the fossil-based origin, for water treatment 
purposes [1].

A variety of biomass sources can be utilized for biochar 
production, including forestry and agricultural by-products 
e.g. bark, rice husk, straws, algae [9, 10], as well as abundant 
woody biomass. Spruce is a widespread softwood species, 
locally available in many countries, particularly Finland. 
This softwood species naturally provides high porosity, 
which enables the production of highly porous biochars 
[11]. Furthermore, its availability in large amounts and its 
high lignocellulosic content make spruce cost-effective bio-
mass for biochar production [12]. To this end, we intend 
to develop a chemically activated biochar from spruce for 
the adsorption of phosphate. The motivation behind the 
chemical activation is to improve the porosity and surface 
functionality towards higher adsorption of phosphate and 
recyclability of the adsorbent for further use.

Phosphate is increasingly utilized in anthropogenic activi-
ties, mainly as organic fertilizer, due to the growing demand 
for agricultural and livestock production [13]. The excess 
amount of phosphate can end up in natural water bodies, 
leading to the increased content of nutrients in the water 
and consequent eutrophication, followed by changes in 
the biological indicators. For example, the qualitative and 
quantitative composition of fish is reduced due to the inten-
sive reproduction of parasitic organisms and the sanitary 
and epidemiological situation deteriorates. The diseases of 
aquatic inhabitants also intensify [14]. Thus, it is crucial 
to treat the phosphate-containing water before its discharge 
into the environment. The conventional way to remove phos-
phate from wastewater is through chemical precipitation or 
coagulation [15]. Such methods, however, have led to the 
generation of a large amount of sludge, subsequent sludge 
management, and nutrient loss issues. The removal and 
recovery of phosphate via adsorption with biochars, on the 
other hand, have shown promising results [16]. As a tertiary 
treatment step, passing the effluent through a biochar-based 
media not only removes the excess phosphate from the water 
but also allows collecting this limiting element for reuse. As 
phosphate is a finite resource, saving and recycling it back 
to use is a significant environmental target. After exhaus-
tion, phosphate-loaded biochar can be desorbed for multiple 
reuses of the adsorbent or be used directly as a soil amend-
ment for agricultural purposes [17]. Additionally, the solid 

carbon powder loaded with nutrients can be easily separated 
from water through magnetic properties.

This study aims to fabricate functionalized magnetic bio-
chars through chemical activation and use it for the adsorp-
tion of phosphate. An iron salt is selected as the activator 
to create iron-based surface functional groups that provide 
a high affinity for phosphate. This further enables magnetic 
properties for the biochar, which can assist the separation 
process of the biochar powder from the water after the treat-
ment. Spruce, a common product of forestry in Finland, is 
selected as the local source of biomass. A two-step pyrolysis 
process is performed to produce the biochars under different 
temperatures and to identify suitable production conditions. 
Conventionally biochar is produced via a one-step pyrolysis 
process which has been reported to be less effective than 
two-step pyrolysis in creating desired adsorptive properties 
[1]. The developed adsorbent is further characterized via 
scanning electron microscopy (SEM), energy dispersive 
X-ray (EDX), Brunauer, Emmett, and Teller (BET) surface 
area and porosity, Fourier-transform infrared spectroscopy 
(FTIR), and X-ray diffraction (XRD) methods before and 
after adsorption of phosphate. Moreover, the magnetic 
strength of the pristine and loaded biochars is measured 
with a vibrating sample magnetometer. To the best of our 
knowledge, there are limited studies on such characteriza-
tion of phosphate-loaded biochar. In addition, a desorption 
study is performed to understand the phosphate release from 
the spent adsorbent and the possibilities of phosphorous 
reclamation.

2 � Materials and methods

2.1 � Biochar production

Biochars were produced from spruce sawdust, which was 
previously prepared and sieved through a 1 mm sieve and 
then stored in closed packages in a cold room before pyroly-
sis. FeCl3·6H2O (Merck) was used as a chemical activator.

Four types of porous magnetic biochars (PMB) were 
prepared via two-step pyrolysis with the chemical activa-
tion process according to our previous research on pinecone 
[1]. Firstly, spruce sawdust was pyrolyzed at two different 
low temperatures: 200 or 300 °C for 15 min under nitro-
gen atmosphere in Naber N60/HR furnace. Then, biochar 
from the first step was modified with an iron salt, via mix-
ing the chemical solution in a 1/2 ratio of biochar/activa-
tor for 2 h. The mixture was dried for 24 h under 105 °C 
and finally pyrolyzed again under the nitrogen atmosphere 
at high temperatures 600 or 800 °C. Obtained biochars 
were named according to the temperature of preparation at 
the first and second step of pyrolysis, as A1 (200/600 °C), 
A2 (200/800 °C), B1 (300/600 °C), and B2 (300/800 °C). 
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Additionally, two reference biochars without the activation 
were produced for comparison with the two-step pyrolysis 
method. The one-step pyrolysis biochar without activation 
was prepared under 300 °C (R3) and the two-step pyrolysis 
biochar without activation was prepared under 600 °C (R6). 
After preparation, all products were rinsed with 0.1 M HCl 
and reverse osmosis water until a neutral pH was obtained 
and dried at 105 °C overnight.

2.2 � Biochar characterization

To study the functional properties of the PMB, such as 
porosity, morphology, composition before and after the 
adsorption of phosphate, the samples were characterized 
via SEM–EDX, BET surface area and porosity, FTIR, and 
XRD. The SEM–EDX analysis was performed on the JEOL 
JSM-7500FA analytical field Emission scanning electron 
microscope using 10 µA probe current and 10 kV accelera-
tion voltage. For sample preparation, biochar was fixed on a 
metal stub with carbon tape and no coating was applied. For 
BET measurement, the samples were first dried overnight 
and put in a Micromeritics FlowPrep 060 sample prepara-
tion system for degasification under 200 °C for 3 h with 
flowing N2 gas. The BET was measured by a Micromerit-
ics TriStar II 3020 automated gas adsorption analyzer. The 
FTIR analysis was performed on a PerkinElmer Spectrum 
Two FT-IR Spectrometer with a high-performance LiTaO3 
MIR detector. The spectra were recorded at room tempera-
ture within the range of 600–4000 cm−1 under 4 repetitious 
scans with 4 cm−1 resolution. The XRD measurement was 
performed on a Rigaku SmartLab X-ray diffractometer. 
The XRD profiles were analyzed and the peaks were iden-
tified using Malvern Panalytical HighScore Plus software. 
The magnetization curves were measured using a vibrating 
sample magnetometer (VSM) (Quantum Design DynaCool 
Physical Property Measurement System) at 300 K.

2.3 � Adsorption batch experiments

Phosphate removal by the PMB was studied via adsorption 
batch experiments. A stock solution with a concentration 
of 1000 mg/l was made by weighing an accurate amount of 
potassium dihydrogen phosphate (KH2PO4, Merck) and dis-
solving it in reverse osmosis water. Different dilutions were 
prepared daily before each adsorption set.

All batch experiments were conducted on a shaker at the 
speed of 180 rpm using 50 ml phosphate solutions and 2 g/l 
of the magnetic adsorbent. The pH was not adjusted. After 
the required contact time, the solutions were filtered with 
SartoriusMinisart 45 µm filters and analyzed for final phos-
phate concentration. The determination of phosphate was 
carried out with the Discrete analyzer Skalar BlueVision, 
using method PO4low: 5–500 µg/l P and method PO4high: 

0.5–5 mg/l P, in compliance with ISO 15923-1. The effect 
of phosphate concentration on the removal efficiency was 
explored from 5 to 25 mg/l P upon 3 h contact time. The 
effect of contact time was studied at different time intervals 
between 30 min and 8 h at 10 mg/l P concentration. Phos-
phate solutions with an initial concentration of 10 mg/l P 
were used to study the effect of temperature on the adsorp-
tion process at 10, 22 (room temperature), 30, 40 and 50 °C 
upon 3 h of contact time and with no pH adjustment. All the 
batch experiments were carried out in two replicates. The 
percent of phosphate removal efficiency from the solution 
was calculated via the equation:

where C0 is the initial concentration of the solution, C1 is the 
final concentration after adsorption.

2.4 � Desorption study

To study the desorption ability of PMB, the adsorption–des-
orption study was performed. The study consisted of 3 con-
secutive adsorption–desorption cycles. A known amount of 
biochar was added in a 25 mg/l P phosphate solution for 
3 h. After 3 h of mixing, the sample was collected and dried 
overnight in an oven at 105 °C. The spent biochar was added 
into acidified reverse osmosis water (pH 2) and agitated for 
different desorption times such as 30 min, 1 h, 3 h, 6 h, and 
8 h. The amount of released phosphate was measured in 
obtained solutions. After the cycle biochar was collected, 
washed with reverse osmosis water, and dried in the oven 
overnight at 105 °C to be used in the next cycle.

The percent of desorption was calculated with the 
equation:

where Cad is the amount of phosphate adsorbed on the bio-
char surface, Cds is the concentration of phosphate in reverse 
osmosis water after desorption.

3 � Results and discussion

3.1 � Characterization

The yield of the PMB after the two-step pyrolysis process 
was determined and shown in Fig. 1. Biochars produced 
at 200, and 300 °C (first step pyrolysis) showed a constant 
decrease in yield with an increase of second step pyrolysis 
temperature (600 and 800 °C) from 43 to 12% and from 
22 to 9% respectively. Generally, increasing the pyrolysis 

(1)Removal (%) =

(

C0 − C1

C0

)

× 100,

(2)Desorption (%) =

(

Cad − Cds

Cad

)

× 100,
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temperatures resulted in a lower PMB yield, which is con-
sistent with previously reported results, based on research 
with various biomass, including pinewood [18, 19]. The 
main reason for the decline in PMB yield is mainly due to 
the thermal decomposition of cellulose and hemicellulose 
followed by the conversion of other organic components 
with increasing the pyrolysis temperature. The average solid 
yield for biochars produced at temperatures 500–900 °C 
without chemical impregnation was previously reported 
to be around 30–37% [6]. The chemical activation at high 
pyrolysis temperatures usually leads to lower carbon yield 
due to the catalytic influence of the chemical activators, 
which results in higher porosity in the produced carbon.

SEM imaging showed the highly porous structure of the 
biochar as well as the presence of crystalline ferric com-
pounds within the biochar structure (Fig. 2a). This indicates 
the development of a hierarchical porous carbon structure 
hosting magnetic ferric particles which can act as the active 
sites for phosphate removal. The SEM image of the biochar 
surface after the phosphate adsorption (Fig. 2b) revealed 
changes in the surface morphology, confirming the forma-
tion of the phosphate-ferric complexation coverage on the 
surface. The crystals of ferric oxide are transformed into 
smooth-shaped particles, which suggests the occurrence of 
phosphate-iron complexation/precipitation on the carbon 
surface. Previously, engineered biochar containing nano-
sized AlOOH crystalline flakes were prepared through direct 
pyrolysis of hickory wood chips and aluminum salt activa-
tion [17].

The EDX analysis before and after adsorption (Fig. 2c) 
clearly shows the main components of PMB, namely car-
bon, oxygen, and iron. This suggests that the iron salt has 
transformed into ferric oxide within the porous carbon 
structure during the second-stage pyrolysis. After the 
adsorption, a phosphate peak appears on the graph, while 

the intensity of the iron peak reduces. This confirms that 
phosphate is bonded to the ferric sites within the carbon 
structure.

The XRD patterns (Fig. 2d) show the main diffraction 
peaks. Peaks located at 2θ values of 26°, 43°, 44° are 
related to carbon, which suggests that biomass has trans-
formed to graphite, and peaks at 30° and 35° are diffrac-
tion pattern characteristics of magnetite Fe3O4 or Fe2O3. 
XRD patterns of the biochars before and after adsorption 
show minimal differences. The intensity of the peaks at 
43° and 44° is reduced, which is an indication of phos-
phate adsorption on the active ferric sites and a minor 
change of the crystalline structure of the adsorbent.

The average crystallite size (L) was calculated based on 
Scherrer Eq. (3) with Origin Curve Fitting.

where K is the Scherrer constant (0.9), λ is the X-ray wave-
length (0.15406 nm), β is the full width at half maximum of 
the peak (radians), and θ is the diffraction angle (radians). 
Crystallinity (X) was also determined as:

where Ac is the area under the crystalline peaks and Ac+am 
is the area under the crystalline peaks plus the amorphous 
area. The values for L and X were 23.1 nm and 45% before 
adsorption, which changed to 14.1 nm and 40%, respec-
tively, after adsorption. This indicates that the reaction of 
phosphate with the iron oxide crystals in the biochar struc-
ture forms a smaller average crystallite size with a lower 
degree of crystallinity, which is also observed in the SEM 
images in Fig. 2a and b.

The FTIR spectra of the PMB and reference biochar 
(R6) before and after phosphate adsorption are given in 
Fig. 2e. The band at 2150 cm−1 related to C≡C can be 
found in both biochars. The reference biochar has no dif-
ference before and after phosphate adsorption, showing the 
same peaks. Two large peaks at 1570 cm−1 and 1200 cm−1 
are related to C=C stretching and C–O stretching, respec-
tively. On the contrary, several differences can be found 
for the PMB before and after adsorption. PMB before 
adsorption shows a peak at 1020 cm−1, which is related 
to out-of-plane C–H bending, and the peak at 730 cm−1. 
This peak corresponds to the C–Cl band, meaning that not 
all Cl was washed from the biochar. After the adsorption, 
bands at 2980 cm−1 and 2880 cm−1 can be found, indicat-
ing asymmetric and symmetric C–H. Also, the spectrum of 
the spent adsorbent indicates numerous moderate bands in 
the range between 1380 and 930 cm−1 related to P=O and 
P–O compounds, which confirms the phosphate adsorption 

(3)L =
K�

� cos �
,

(4)X(%) =
Ac

Ac+am

× 100,

0

10

20

30

40

50

600 800

Yi
el

d 
(%

)

Temperature 2nd step (°C)

A B

Fig. 1   Comparison of the PMB yield produced at different tempera-
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of pyrolysis (Color figure online)



853Journal of Porous Materials (2022) 29:849–859	

1 3

[20, 21]. These bonds related to phosphate also support 
EDX data indicating phosphate attachment on the biochar 
surface after adsorption.

While the pristine biochar (R6) showed 571 m2/g of 
specific surface area and 0.025 cm3/g pore volume, the 
developed biochar showed 94 m2/g and 0.002 cm3/g. As 
it is observed in the SEM images, ferric-oxide particles 
are present within a honeycomb-like porous carbon struc-
ture, which can somewhat consume the surface area and 
volume. These particles further act as active sites for com-
plexation with phosphate. Therefore, the removal mecha-
nisms involved in phosphate adsorption benefit from both 
porosity and active sites. The adsorption mechanism and 

the porous structure can be explained with the shape of 
the nitrogen gas adsorption–desorption isotherm, pre-
sented in Fig. 3a. A hysteresis loop emerged on the iso-
therm curve at a high relative pressure region indicating 
a type IV behavior and a wide mesopore distribution in 
the developed biochar [22]. The pore size distribution 
(PSD) of the developed biochar and pristine biochar is 
given in Fig. 3b. As seen, in both cases the PSD is within 
the 2–50 nm range. For the biochar R6 pores are mostly in 
the range of 3–4 nm and the pores of PMB are distributed 
more equally in a mesoporous area with an average pore 
diameter of 10 nm.
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3.2 � Phosphate adsorption

The phosphate adsorption efficiency was tested in the batch 
mode and the results are illustrated in Fig. 4. The depend-
ence of phosphate removal to initial phosphate concentra-
tion in water is presented in Fig. 4a. The pristine reference 
biochars (without activation, R3, and R6), as well as the bio-
mass sawdust (SD), were incapable of phosphate uptake. On 
the other hand, all PMBs showed highly effective removal 

of phosphate. At lower concentrations (5 mg/l P), the PMBs 
A1, A2, B1 were able to reach complete (100%) phosphate 
removal and biochar B2 reached 86%. At the highest stud-
ied concentration (25 mg/l P) the biochar A2 showed the 
highest removal performance at 30%, while samples A1 and 
B2 reached around 25% removal. Therefore, the PMB A2 
was identified as the best sample for the effective adsorption 
process, which was produced via 200 °C first-step pyroly-
sis, iron salt activation, and 800 °C second-step pyrolysis 

Fig. 3   Comparison of PMB 
(A2) to reference biochar (R6). 
a Nitrogen adsorption–des-
orption isotherm; b Pore size 
distribution
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procedure. The inability of phosphate uptake by the pris-
tine biochars confirms the necessity of their modification 
to provide adsorptive functional groups for effective phos-
phate adsorption. These results suggest that the removal 
mechanisms involve a combination of electrostatic adsorp-
tion, co-precipitation, and complexation on the surface and 
within the structure of the functionalized solid adsorbent 
[23]. Thus, further experiments do not include the reference 
biochars.

The effect of contact time, which is an essential parameter 
for the adsorption process, was also studied and results are 
shown in Fig. 4b. A similar trend is noticeable for biochars 
A1, A2, and B1; the removal of phosphate gradually grows 
with the contact time. The biochar B2 showed a decrease in 
removal from 70 to 41% after 3 h up to 8 h of contact time. 
This suggests that extra time of reaction may lead to unde-
sired desorption of the pollutant back to the water. The best-
performed biochar was A2, which showed 70% of removal 
after 3 h of contact time and 79% after 8 h of contact time. 
The lowest removal was observed with PMB B1, with 34% 
and 45% at 3 and 8 h of contact time, respectively. Therefore, 
3 h contact time was selected as the optimum process time to 
achieve desirable removal efficacy as well as to save energy 
and time. The experimental data showed a good fit to the 
pseudo-second-order kinetic model in the following equation 
(r2 = 0.97). This is indicative of chemisorption, common for 
phosphate adsorption, which is controlled by the adsorbent 
and the adsorbate characteristics [24].

where t is the contact time (min). The rate constant k and the 
equilibrium uptake qe were 0.003 g/mg min and 6.16 mg/g, 
respectively.

The effect of the solution temperature on phosphate 
removal is shown in Fig. 4c. The removal increases upon the 
temperature increase. The removal by biochar samples A1, 
A2, and B2 showed a high dependency on the water tem-
perature. The removal increased from around 50% at 10 °C 
to 88% at 50 °C. The least temperature dependency was 
observed for sample B1 with 27% removal at 10 °C which 
increased to 60% at 50 °C. This shows the endothermic 
nature of the adsorption process. The temperature affects 
the adsorption process by increasing the diffusion rate within 
the boundary layer, i.e. the resistance to the external mass 
transfer, and the pores as well as by changing the equilibrium 
capacity of the adsorbent for the target adsorbate [25]. The 
mass transfer through the boundary layer thickness or by 
the intra-particle diffusion typically dominate the adsorptive 
uptake of solutes from liquids.

Considering the obtained adsorption results, the PMBs 
produced under 200  °C at the first step of pyrolysis 

(5)
t

qt
=

1

kq2
e

+
t

qe
,

performed better than the ones produced under 300 °C. 
The biochar A2 showed the best adsorption perfor-
mance and as such was selected for further analysis and 
characterization.

Isotherm study can shed light upon further surface char-
acteristics of the PMB. The two most-used isotherms—
Langmuir (Eq. 6) and Freundlich (Eq. 7) models were 
employed to understand the nature of phosphate adsorp-
tion on the best performing biochar (A2).

where qL is the monolayer capacity and KL is the equilibrium 
constant for the Langmuir model which assumes a mon-
olayer coverage of the adsorbate at specific homogeneous 
active sites of the adsorbent [26]. On the other hand, the Fre-
undlich model considers multilayer coverage for adsorption 
onto a heterogeneous adsorbent surface [27]. KF is the Fre-
undlich coefficient and 1/n constant indicating the adsorp-
tion intensity and surface heterogeneity. The isotherm was 
investigated under five phosphate concentrations at room 
temperature and in neutral pH (around 6.5), where phosphate 
exists as a combination of H2PO4

− and HPO4
2− species [28]. 

The calculated values are tabulated in Table 1 and the mod-
els are plotted in Fig. 5a and b.

The adsorption onto the biochar A2 followed the Lang-
muir model (R2 = 0.99) better than the Freundlich model 
(0.88). This further indicates the presence of specific 
active ferric sites enabling a monolayer phosphate cov-
erage on the surface. Previously, a Langmuir monolayer 
coverage of chromium was also observed for corncob-
derived magnetic biochar [29]. A brief comparison of 
phosphate adsorption with different porous materials is 
given in Table 2. The adsorption capacity of PMB is com-
parable to the other previously reported materials such 
as biochar from different source biomass [30], iron oxide 
coated sand [31], and activated carbon [32]. Worth not-
ing that the adsorption operational parameters need to be 
considered when comparing the adsorptive performance 
of different materials.
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Table 1   The calculated values of the Langmuir and Freundlich iso-
therms

Langmuir Freundlich

KL (L/mg) qL (mg/g) R2 KF (mg/g ∙(L/mg)1/n) 1/n R2

0.01 3.47 0.99 1.63 0.05 0.88
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3.3 � Desorption

The desorption study resulted in the release of the adsorbed 
phosphate into an acidic solution, as can be seen in Fig. 5c. 
During the prior adsorption stage, 23.6% was adsorbed from 
the 25 mg/l phosphate solution, which is consistent with the 
concentration study. After half an hour of desorption time, 
the release was 17% and reached 24% after 8 h. However, 
the next resorption stage on the desorbed biochar showed 
only 3.8% of phosphate uptake. The third resorption dur-
ing the third cycle reached 3%. This indicates that the main 
involved adsorption mechanism is the complexation of phos-
phate with iron oxides embedded within the biochar struc-
ture, which is consistent with isotherm and XRD analyses. 

The complexes, formed during the first cycle, may not be 
easily broken and as such may leave the carbon structure as 
iron-P complex to the next phase. Moreover, long exposure 
to a strongly acidic environment facilitates the iron release 
in the complex from the carbon structure. Nevertheless, slow 
desorption is present as a viable solution for the reuse of 
P-loaded biochar, enabling the reclamation of phosphorous. 
In this case, it is reasonable to reuse the loaded adsorbent as 
a slow-release fertilizer to improve the soil elemental com-
position and fertility [23, 34]. Zheng et al. reclaimed P from 
secondary treated wastewater by biochar loaded with alu-
minum oxyhydroxides (AlOOH). The P-loaded biochar was 
then used as growth media for mung bean germination and 
seedling growth and compared with a sand-based growth 
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Fig. 5   a Linear Langmuir and b Freundlich isotherm c Desorption of the phosphate over time from sample A2 into the acidic water (pH 2)

Table 2   Phosphate adsorption 
on different porous adsorbents; 
a comparison based on 
Langmuir maximum adsorption 
capacity at room temperature

Adsorbents Adsorption (mg/g) Kinetic model fit Reference

Porous magnetic biochar 3.47 Pseudo-second order Present work
Iron oxide coated sand 0.88–1.50 Not determined [33]
Lanthanum-loaded granular ceramics 0.85 Pseudo-second order [31]
Industrial solid waste-based biochar 3.20 Pseudo-second order [30]
Zn-chitosan complexation 6.3 Pseudo-second order [24]
ZnCl2-activated carbon 5.1 Pseudo-second order [32]
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media. The seed germination rate was increased from 30% 
in sole sand to 46.7% in the sand together with P-loaded 
biochar [17]. Thus, engineered biochars are promising media 
for P-reclamation from wastewater treatment plants as value-
added fertilizers, which is a sustainable environmental strat-
egy for the mitigation of eutrophication, the enhancement of 
soil quality, the sequestration of carbon, and the recycling 
of phosphorus.

The complexation between the phosphate and the iron 
active sites on the PMB is schematically shown in Fig. 6a. 
Phosphate ions usually form inner-sphere complexation with 
different metal-based compounds such as the iron oxides, 
embedded within the porous carbon structure, which is 
consistent with the chemisorption shown in the kinetic, iso-
therm, desorption analyses.

3.4 � Magnetization

The separation process of adsorbent, especially in the fine 
powdered form such as powdered AC, from treated water 
requires additional energy. Usually, the intensive filtration 
step is used to avoid secondary pollution with the carbon 
particles. Such additional steps consequently increase the 
costs of treatment. Therefore, additional magnetic prop-
erties can facilitate the separation of the used adsorbent 
particles from the water phase via a magnetic field when 
used in powdered form. It was reported that high pyrolysis 
temperature enhances the magnetic properties by converting 
the ferric ions to ferric oxide within the graphitic structure 
[29, 35]. Thus, the magnetic properties of developed PMBs 
were tested on sample A2. The results of the VSM analy-
sis, shown in Fig. 6b, revealed that the magnetic strength 
of PMBs is 38.9 emu/g and that PMBs have properties of 
a superparamagnetic material. After the phosphate adsorp-
tion, the magnetic strength decreased to 28.4 emu/g. Such a 
decrease can be caused by the complexation of ferric oxide 
with adsorbed phosphorous. Despite the decrease, PMB 
remains magnetically active and can be easily separated 

from the aqueous solution with a magnet as shown on the 
up left picture in Fig. 6b. Magnetization of magnetic bio-
char derived from corncobs and peanut hulls under different 
pyrolysis temperatures was reported to range from 11.27 
to 26.20 emu/g, which were used for chromium adsorp-
tion and separation [29]. Powdered AC magnetized by iron 
oxide magnetic nanoparticles was reported with a magnetic 
strength of 51.5 emu/g, which was used as a magnetic adsor-
bent for ciprofloxacin antibiotics [36].

4 � Conclusion

In this study, highly PMBs were produced through activa-
tion of low-temperature-derived biochar with iron salt and 
second-step pyrolysis at a higher temperature. Four tempera-
ture combinations were used during the production stage. 
The optimal production parameters were identified by test-
ing the developed adsorbent for phosphate adsorption. The 
best performing biochar was produced at 200 °C first-step 
pyrolysis temperature and 800 °C second-step pyrolysis 
temperature after activation. SEM/EDX, FTIR, XRD, and 
BET analyses were used to investigate the structural and 
compositional characteristics of the developed biochars. The 
characterization confirmed the presence of embedded ferric 
oxide particles with 23 nm average crystallite size within the 
hierarchical porous carbon structure, which can act as active 
sites for effective phosphate uptake. The effect of phosphate 
concentration, water temperature, and process time on the 
adsorption of phosphate was explored in batch mode. The 
increase in process time and temperature favored the adsorp-
tion. At 5 mg/l P concentration, the PMBs A1, A2, and B1 
were able to reach complete phosphate removal and bio-
char B2 reached 86%, while at 25 mg/l P concentration, the 
biochar B1 showed 14% removal and other PMBs reached 
around 30% removal. The adsorption followed Langmuir 
isotherm and pseudo-second-order kinetic model and 
was endothermic chemisorption in nature. PMBs showed 
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38.9 emu/g magnetic strength and can be easily separated 
from water with aid of a magnetic field to be reused as slow-
release fertilizers after phosphate adsorption. These results 
portrait the produced PMBs as a promising adsorbent for 
phosphate removal and reclaim.
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