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Abstract 

The large production volume combined with the high lignocellulose content makes elephant dung 

an attractive and underutilized biomass resource, but also presents waste management problems for 

elephant orphanages. This study explored the conversion of elephant dung into biochars by slow pyrolysis 

at 500°C for the recovery of phosphate. The unmodified biochar (BC500) had a specific surface area (SBET) 

of 62.5 m2g-1 with point of zero charge (pHPZC) of 7.7. Biochar modification with MgCl2 (MgBC500) and 

FeCl3 (FeBC500) by pre-pyrolysis treatment affected the SBET (48.7 m2g-1 and 259.4 m2g-1, respectively) 

and pHPZC (8.7 and 3.3, respectively). In FeBC500, Fe was present as magnetite (Fe3O4) and hematite 

(α-Fe2O3) as confirmed by X-ray diffraction. Instead of adsorption, both BC500 and MgBC500 

released phosphate at pH 3-6. Phosphate adsorption onto FeBC500 reached equilibrium within 24 h 

and followed pseudo-second order kinetics. The adsorption isotherm was best described with the Langmuir 

equation with a maximum adsorption capacity of 0.744 mg-Pg-1. The phosphate adsorption behavior 

was related to the pHPZC and metal content of the biochar. Conversion of elephant dung into biochar 

presents an environmentally friendly waste management solution that may find further applications 

in the adsorption of other nutrients or pollutants.  

1. Introduction  

 

 The Asian elephant (Elephas maximus) is the largest living land 

animal in Asia and is distributed throughout Southeast Asia and the 

Indian subcontinent. The diet of an elephant consists of 30% to 50% 

woody biomass [1] and an adult elephant can produce up to 150 kg 

dung per day [2]. Due to the mere volumes being produced, the disposal 

of domesticated elephant waste becomes a problem to elephant 

orphanages. Additionally, elephant dung could present an elevated risk 

for environmental contamination through the release of pathogens 

into water and emissions of odor and toxic gases [2,3]. There is thus 

a need to properly dispose of the large quantities of dung being produced 

in elephant orphanages. 

 Elephant dung can be seen as a valuable source of lignocellulosic 

biomass that contains 34% to 47% cellulose, 19% to 28% hemicellulose 

and 14% to 18% lignin [3,4], but is still not fully utilized [5]. As value-

added products, previous studies have converted elephant dung into 

a biocoal fuel [2] and methane through anaerobic digestion [3]. The 

dung of elephants and other animals have also been used for the 

production of pulp, paper, and composite materials [5]. 

 Biochar is a carbonaceous solid produced by thermochemical 

conversion (pyrolysis) of organic feedstock in a limited oxygen 

environment [6]. In the last decades, biochar has received great attention 

as sorbent for the removal of various pollutants [6] and the recovery 

of nutrients [7,8]. Application of biochar to soil improves the water 

holding capacity and nutrient retention, which leads to lower fertilizer 

requirements and reduced nutrient leaching [9]. Biochars are typically 

produced from agricultural wastes, but have also been prepared 

from the manure and dung of various animals (e.g., cow, yak, swine, 

and poultry) [10-13]. Relatively little research has been done on the 

preparation of biochar from elephant dung. Suma et al. [14,15] 

pyrolyzed elephant dung at 350°C for 15 min, and the resulting biochar 

with specific surface area of 5.69 m2g-1 was used for the removal of 

cationic compounds (methylene blue and Fe(III)). Theivarasu and 

Chandra [16] produced an activated carbon (specific surface area 

37.869 m2g-1) by treatment of elephant dung with concentrated H2SO4 

at 120°C for 3 h, which was used for the removal of an anionic dye, 

Reactive Yellow 15. These studies show that porous carbons produced 

from elephant dung can be used for the adsorption of both cationic 

and anionic compounds.  

 Throughout the past decades, phosphorus (P) fertilizers have been 

excessively applied in order to satisfy the growing demands for food 

production. However, only a small fraction of the applied fertilizer is 

taken up by crops, and the excess P may end up in water systems resulting 
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in environmental problems like algal blooms and eutrophication. The 

reduction in available P resources further necessitates the recovery of 

P from wastewaters [17]. Compared to other sorbents, using biochars 

to recover phosphate by adsorption has received great attention 

because of the low cost, environmental friendliness, high porosity, 

versatility, and tunable properties of biochar. Ideally, P-loaded biochars 

would then directly be used in the field as P source for crops while 

simultaneously enhancing soil properties [12]. Unmodified biochars 

generally have low adsorption capacity for phosphate due to the lack 

of specific interaction sites [7] and modification of the biochar to 

incorporate active sites for phosphate adsorption is thus required. 

Particularly the introduction of metals such as Ca, Mg, Fe, or Al by 

either pre- or post-pyrolysis treatment greatly enhances the biochar 

properties, as the presence of these elements plays a key role in  

phosphate capture from water resources [7,8,18].  

 In this study, elephant dung was converted into a biochar by 

pyrolysis at 500°C for 2 h. The biochar was loaded with Mg and Fe 

via pre-pyrolysis treatment of the elephant dung with respectively 

MgCl2 and FeCl3. The biochars were physicochemically characterized 

and the phosphate adsorption performance of the Mg- and Fe-treated 

as well as untreated biochar was evaluated in batch adsorption studies. 

Based on the literature review, our hypothesis was that modification 

of elephant dung biochar with Mg and Fe increases the phosphate 

adsorption capacity of the biochar. To the best of our knowledge, 

this is the first study that presents the use of biochars derived from 

elephant dung for the recovery of phosphate. 

 

2.  Experimental 

 

2.1  Synthesis of elephant dung biochars 

 

 Fresh elephant dung was collected from a healthy 16-year old male 

Asian elephant at the Pinnawala Elephant Orphanage in Rambukkana, 

Sri Lanka. This elephant has a daily food intake of approximately 

250 kg that consists primarily of fishtail palm trunk and leaves, as 

well as leaves of jack, coconut, and other trees. The dung was soaked 

in water to remove the non-fibrous parts, followed by three times 

washing with tap water and oven drying at 105°C until constant weight. 

The dried elephant dung fibers were crushed and sieved to maintain 

homogeneity of the material. Pyrolysis of the elephant dung was 

carried out at 500°C for 2 h (heating rate 5°Cmin-1) in a muffle furnace 

under low oxygen condition by closing the biomass-filled crucibles. 

The produced elephant dung biochar (BC500) was stored in a zip lock 

bag at room temperature. The biochar yield was determined according 

to Equation (1): 

 

 Yield = 
mBC

mi

× 100% (1) 

 

 Here, mBC (g) is the residual biochar mass after pyrolysis, and 

mi (g) is the initial mass of the elephant dung before pyrolysis. The 

Mg- and Fe-modified biochars were prepared following the method 

used by Zheng et al. [18] with slight modifications. Here, 25 g dried 

elephant dung was soaked in 500 mL of a 200 mM solution of 

MgCl2·6H2O (>99%, Honeywell, India) or FeCl3 (anhydrous, 98%, 

Sisco Research Laboratories Pvt. Ltd., India), respectively. The 

suspension was kept stirring for 1 h followed by filtration and oven 

drying at 80°C for 3 h. Pyrolysis was subsequently carried out for 2 h 

at 500°C as described for the non-modified biochar. The obtained 

Mg- and Fe-modified biochars were washed five times with distilled 

water (8 g biochar in 240 mL distilled water) to remove unbound metals 

until the pH and EC of the water were constant. The washed modified 

biochars were oven dried at 80°C until constant weight and the product 

MgBC500 and FeBC500 were stored in zip lock bags at room 

temperature. The yield of MgBC500 and FeBC500 was determined 

according to Equation (1), with the initial elephant dung mass mi as 

the mass after impregnation with respectively MgCl2 or FeCl3. 

 

2.2  Biochar characterization 

 

 The pH and electrical conductivity (EC) of the biochars in deionized 

(DI) water were measured in triplicate following the recommended 

procedures of Singh et al. [19]. The point of zero charge (pHPZC) of 

the biochars was determined by solid addition method according to 

Liu et al. [20]. Nitrogen adsorption isotherms (41 points) were measured 

at 77 K on a Micrometrics ASAP 2460. Before analysis, the samples 

were dried at 180°C followed by degassing overnight under vacuum 

at 200°C. The total pore volume (VT) was estimated from the nitrogen 

adsorbed at P/Po of approximately 0.99, and the micropore volume 

(Vmicro) was determined from the t-plot. The average pore diameter 

(Dp) was calculated by the BJH method using desorption data. The 

X-ray diffraction (XRD) patterns were collected using a PANalytical 

EMPYREAN with Cu Kα radiation (40 kV, 45 mA) over 2θ = 5 to 

80°. Phase identification was done using QualX2.0 software (version 

2.24) [21]. Fourier Transform Infrared (ATR-FTIR) spectra were 

collected on a Bruker TENSOR27 in the range 600 cm-1 to 4000 cm-1 

by accumulating 32 scans with resolution 2 cm-1 [22]. Scanning electron 

microscopy (SEM) images were taken on a Hitachi SU3800. The 

samples were sputter-coated with gold before SEM analysis. 

 Thermogravimetric analysis was done on a Shimadzu DTG-60H 

based on the procedure adapted from Crombie et al. [23]. Approximately 

5 mg of each biochar sample was weighed in a platinum pan and 

heated to 800°C (heating rate 10 °Cmin-1) under 60 mLmin-1 N2 flow. 

The temperature was kept at 800°C for 20 min, after which the 

atmosphere was changed to air (60 mLmin-1) for 20 min. The moisture 

content (MC), volatile matter (VM), fixed carbon (FC) and ash contents 

were determined from the thermogravimetry data according to 

Equations (2)-(5): 

 

 MC = 
m1-m2

m1

× 100% (2) 

 

 VM = 
m2-m3

m2

× 100% (3) 

 

 FC = 
m3-m4

m2

× 100%  (4) 

 

 Ash = 
m4

m2

× 100%  (5) 

 

 Here, m1 (mg) is the initial sample weight, m2 (mg) is the dry 

weight determined at 205°C, m3 (mg) is the sample weight at 800°C 

in N2 atmosphere, and m4 (mg) is the final sample weight at 800°C after 

introduction of air. The VM, FC and ash are reported per dry weight 

(%dw), whereas the moisture content (%) is relative to the fresh material. 
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 The total metal (Ca, Mg, Fe, and K) and P contents of the biochars 

were measured in triplicate after digestion by modified dry ashing 

[24]. Concentrations of Ca, Mg, Fe, and K in the digested solutions 

were measured using flame atomic absorption spectroscopy (Perkin 

Elmer PinAAcle 900 F) with external calibration after dilution in 1% 

HNO3. The P concentration in the filtrate was measured by molybdenum 

blue method and the absorbance at 880 nm was measured by UV-vis 

spectrophotometer (Agilent 8453) with external calibration [25]. 

 

2.3  Phosphate adsorption studies 

 

 All phosphate adsorption experiments were carried out at room 

temperature, and all solutions were prepared using DI water (18.2 MΩ). 

Phosphate standard solutions were prepared using KH2PO4 (99.5%, 

RCI Labscan Ltd.). To study the effect of pH on phosphate adsorption, 

100 mg of each biochar sample was mixed with 40 mL of a solution 

containing 10 mg-PL-1, and the pH was carefully adjusted to 3, 4, 5, 

or 6 using dilute HCl or NaOH. The suspensions were kept shaking 

(120 rpm) at room temperature for 24 h, at which point the solutions 

were filtered through a membrane syringe filter (0.22 μm) and the 

residual P concentrations were measured by UV-vis spectroscopy as 

described previously. 

 The phosphate adsorption kinetics onto FeBC500 were studied 

by dispersing 500 mg biochar in 200 mL of 10 mg-PL-1solution. 

The pH of the phosphate solution was not adjusted and was 4.5 after 

addition of FeBC500. At each time point, a 2 mL sample was taken, 

filtered (0.22 μm) and the phosphate concentration was measured by 

UV-vis spectroscopy as described previously. Adsorption kinetics 

were modeled in the kinetic region (up to 24 h) using the pseudo-first 

order model, pseudo-second order model, intraparticle diffusion 

model, and Elovich model given in respectively Equations (6)-(9): 

 

 q
t
 = q

e
[1-e-k1t]  (6) 

 

 q
t
 = q

e

k2q
e
t

1+k2q
e
t
  (7) 

 

 q
t
 = ki∙t

1 2⁄ +Ci (8) 

 

 q
t
 =
 1

β
ln αβ +

1

β
ln t (9) 

 

 Here, qt and qe (mg-Pg-1) are the P adsorbed at time t and at 

equilibrium, respectively, k1 (h-1) is the first order rate constant, k2 

(gmg-1·h-1) is the second order rate constant, ki (mgg-1·h-0.5) is the 

intraparticle diffusion rate, Ci (mgg-1) is a constant that gives 

information about the boundary layer thickness, α (gmg-1·h-1) is the 

initial P adsorption rate, and β (gmg-1) is the desorption constant. 

Each function was converted into its linear form and data were 

fitted by linear regression. The coefficient of determination (R2) 

was used to evaluate the suitability of each model to describe the 

experimental data. 

 The phosphate adsorption isotherm onto FeBC500 was measured 

by dispersing 100 mg biochar in 40 mL solutions with different 

initial P concentrations ranging from 1 to 50 mg-P·L-1. After 24 h, 

the solutions were filtered (0.22 μm) and the P concentration in the 

solutions was measured by UV-vis spectroscopy as described previously. 

The adsorption isotherm was modeled with the Langmuir and Freundlich 

equations. The Langmuir model assumes that adsorption sites are 

energetically homogeneous and monolayer adsorption takes place 

without interaction between adsorbed molecules. The Langmuir 

isotherm is given by Equation (10): 

 

 q
e
 = 

KLq
m

Ce

1+KLCe

   (10) 

 

 Here, qe (mg-Pg-1) is the equilibrium P adsorption capacity, Ce 

(mg-PL-1) is the equilibrium P concentration, qm (mg-Pg-1) is the 

maximum P adsorption capacity and KL (Lmg-1) is the Langmuir 

constant. The favorability of the adsorption process for the Langmuir 

isotherm was calculated with the separation factor RL in Equation (11): 

 

 RL = 
1

1+KLCe

  (11) 

 

 A value of RL between 0 and 1 means that the adsorption is 

considered favorable. In contrast to the Langmuir model, the Freundlich 

model assumes heterogeneous surface sites with a non-uniform 

distribution of heat of adsorption. The Freundlich equation is given 

by Equation (12): 

 

 q
e
 = KFCe

1 n⁄  (12) 

 

 Here, KF ((mgg-1)(Lmg-1)1/n) is the Freundlich constant and n 

is the Freundlich exponent. Each isotherm function was converted into 

its linear form and data were fitted by linear regression. The coefficient 

of determination (R2) was used to evaluate the suitability of each 

model to describe the experimental data. 

 

3.  Results and discussion 

 

3.1  General properties of the biochars 

 

 Table 1 summarizes selected material properties of the synthesized 

elephant dung biochars. The yield of the unmodified biochar (BC500) 

was 35%, which is in good agreement with previous studies [26]. 

The BC500 had an alkaline pH of 8.4 as is typical for animal manure 

biochars [10,11], while the EC of 135 μScm-1 was lower than that 

of biochars produced from animal manure [10]. The BC500 had a 

high fixed carbon (FC) content of 51.2% which is much higher than 

that of animal manure biochars [10], and consequently a lower volatile 

matter (VM) and ash content. 

 Modification of the biochar with MgCl2 produced MgBC500, 

with a lower yield than BC500 but higher pH and EC due to the alkaline 

character of Mg compounds. The yield for FeBC500 is comparable to 

that of Mojoudi et al. [27]. The lower yield of MgBC500 and FeBC500 

compared to BC500 is ascribed to the introduction of MgCl2 and 

FeCl3, respectively, that facilitated the biomass pyrolysis [28]. The 

hydrolysis of the incorporated Fe released a high amount of H+ that 

reduced the biochar pH to 2.7 [29]. The FeBC500 had the highest ash 

content of 18.9% and can be ascribed to the retention of Fe-containing 

compounds in the biochar [29].  
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Table 1. General properties of the elephant dung biochars BC500, MgBC500, and FeBC500. 

 

Material Yield (%) pH (-) EC (μScm-1) MC (%) VM (% dw) FC (% dw) Ash (% dw) 

BC500 35.0 8.4 135 8.7 34.7 50.9 14.4 

MgBC500 29.3 10.2 362 13.5 39.1 45.5 15.4 

FeBC500 33.1 2.7 863 7.7 32.1 49.0 18.9 

 

Table 2. Total concentrations of metals (Ca, Mg, Fe, K) and P in the elephant dung biochars. 

 

Material Ca (mgg-1) Mg (mgg-1) Fe (mgg-1) K (mgg-1) P (mgg-1) 

BC500 4.0 2.1 2.1 1.1 4.1 

MgBC500 2.2 26.1 1.3 0.3 3.3 

FeBC500 0.3 0.7 39.0 0.2 3.5 

 

 The total metal (Ca, Mg, Fe, and K) and P contents of the biochars 

are summarized in Table 2. The unmodified BC500 contained 

comparatively small amounts (1.1 mgg-1 to 4.0 mgg-1) of Ca, Mg, 

Fe, and K, in decreasing order, which are lower than biochars produced 

from yak manure [11] and cow dung [13]. As expected, modification 

with MgCl2 increased the Mg content to 26.1 mgg-1 in MgBC500, 

confirming the incorporation of Mg, in agreement with previous work 

[30]. Similarly, modification with FeCl3 increased the Fe content in 

FeBC500 to 39.0 mgg-1 [18,31]. When held next to a magnet, FeBC500 

was found to possess magnetic properties. All three biochars contained 

a small amount of P between 3.3 mgg-1 to 4.1 mgg-1. 

 

3.2  Biochar morphology and pore structure 

 

 Figure 1 shows typical SEM images of the biochars at 1000x 

magnification. All three biochars exhibited a porous structure [15] 

that originated from the fibrous residue in the elephant dung. No 

clear effect of Mg modification on the morphology of MgBC500 

was visible. Modification with Fe in FeBC500, on the other hand, 

increased the surface roughness that may be due to the deposition of 

Fe oxides [32].  

 Table 3 summarizes the surface area and porous properties obtained 

from the nitrogen adsorption measurements. Without modifier, 

BC500 had an SBET of 62.5 m2g-1 that is typical for biochars produced 

under similar conditions [26]. The total pore volume VT of BC500 

was 0.056 cm3g-1, of which 44% was microporous, and the average 

pore diameter Dp was 19.3 nm. Upon incorporation of Mg, the SBET 

of MgBC500 decreased to 48.7 m2g-1 and Dp was reduced to 8.9 nm, 

which was likely due to blockage of pores [30]. In contrast to 

MgBC500, biochar modification with Fe greatly increased the SBET 

by a factor of four to 259.4 m2g-1 for FeBC500. The fourfold increase 

in Vmicro and the reduction in DP further confirmed that FeCl3 promoted 

the formation of micropores [33,34]. 

 

3.3  X-ray diffraction patterns 

 

 The XRD patterns of the biochars are shown in Figure 2. The 

unmodified biochar BC500 was largely amorphous showing a broad 

diffraction hump around 2θ = 25° and a smaller hump at 43° due to 

carbon [34]. A small peak at 2θ = 29.4° was found that may be 

indicative of diopside (CaMgSi2O6). Upon incorporation of Mg 

there was no strong change in the crystallinity, and the XRD pattern 

of MgBC500 is very similar to that of BC500. No crystalline Mg-

containing phase was observed, likely due to the low Mg content in 

the biochar. 

 

 
 

Figure 1. Scanning electron microscopy images of the elephant dung biochars  
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Table 3. BET specific surface area (SBET), total pore volume (VT), micropore volume (Vmicro), and average pore diameter (Dp) of the elephant dung biochars. 

Values in brackets indicate the percentage contribution of Vmicro to VT. 

 

Material SBET (m2g-1) VT (cm3g-1) Vmicro (cm3g-1) Dp (nm) 

BC500 62.5 0.056 0.025 (44%) 19.3 

MgBC500 48.7 0.040 0.018 (44%) 8.9 

FeBC500 259.4 0.141 0.102 (72%) 3.4 

 

 
 

Figure 2. X-ray diffraction patterns of BC500, MgBC500, and FeBC500. 

The following ICDD cards were used for phase identification: magnetite 

(88-0866), hematite (89-0597), and diopside (78-1390).  

 

 The Fe-modified biochar FeBC500 contained peaks of magnetite 

(Fe3O4) and a small fraction of hematite (α-Fe2O3). Magnetite 

is commonly observed in FeCl3-treated biochars, sometimes in co-

existence with α-Fe2O3 [33]. Thermal decomposition of FeCl3 resulted 

in the formation of crystalline α-Fe2O3 [35], which was further converted 

into Fe3O4 by reacting with the carbon formed during carbonization [33]. 

 

3.4  Fourier transform infrared (FTIR) spectra 

 

 Figure 3 displays the FTIR spectra of the biochars. The spectrum 

for the unmodified biochar (BC500) showed adsorption peaks that 

are typical for biochars produced from lignocellulosic materials [36]. 

The main peak at 1075 cm-1 originated from C-O stretching and 

deformation [36]. The peak at 1586 cm-1 was indicative of aromatic 

C=C bonds [36,37], and the shoulder peak at 1694 cm-1 may be ascribed 

to C=O vibrations from carboxylate groups [37]. The peak at 1404 cm-1 

may correspond to C-H bending or carboxylic O-H vibrations [36]. 

The aromatic C-H stretching vibrations are visible at 785 cm-1, whereas 

the peak at 692 cm-1 was ascribed to C-C stretching vibrations [36]. 

The broad band at 3232 cm-1 was due to O-H stretching vibrations 

in hydroxyl groups [36]. The sharp peak at 877 cm-1 may indicate 

the presence of an inorganic carbonate or is sometimes ascribed to 

oxygen-substituted aromatic compounds [38]. 

 In the FTIR spectrum of MgBC500, the aromatic C=C peak at 

1569 cm-1 has increased in intensity, suggesting a more aromatic  

structure compared to BC500 [30]. This coincides with a relative  

decrease in the C-O peak intensity at 1031 cm-1. The peak at 1383 cm-1  

is ascribed to aromatic O-H groups [10], and compared to BC500 

the peak intensity at 3208 cm-1 has increased, which may suggest 

an increase in O-H groups on the surface [39]. In the case of FeBC500, 

the shoulder peak at 1697 cm-1 (C=O stretching vibrations in carboxylic 

acid groups) has sharpened and increased in intensity, demonstrating 

an increase in carboxylic acid groups content upon pre-treatment 

with FeCl3. Moreover, the increase in peak intensity at 1583 cm-1 

compared to BC500 indicated an increase in aromatic C=C content 

due to aromatization [34,37], but this effect was less than compared 

to MgBC500. 

 

3.5  Point of zero charge 

 

 The pH at the point of zero charge (pHPZC) of the biochars was 

measured to study the suitability of the biochars for the removal of 

phosphate. At a solution pH below pHPZC, the surface of the biochar 

has a net positive charge, which is favorable for the removal of 

negatively charged ions such as phosphate. Conversely, if the pH of 

the solution is higher than the pHPZC, the biochar net surface charge 

is negative, which would attract cations and repel anions. The pHPZC 

of BC500, MgBC500, and FeBC500 was 7.7, 8.7, and 3.3, respectively 

(Figure 4). A slightly alkaline pHPZC is typical for unmodified biochars 

[20,31]. Modification with MgCl2 resulted in a higher pHPZC due to 

the incorporation of Mg [18]. The low pHPZC of 3.3 for FeBC500 

was comparable to previous studies [40]. 

 
 

Figure 3. FTIR spectra of BC500, MgBC500, and FeBC500. Numbers above 

each peak indicate the positions of the major peaks and arrows indicate the 

corresponding bonds. 
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Figure 4. Determination of the point of zero charge (pHPZC) of BC500, 

MgBC500, and FeBC500. 

 

3.6  Phosphate adsorption onto elephant dung biochars 

 

 Phosphate adsorption onto BC500, MgBC500, and FeBC500 

was studied in 10 mg-PL-1 solutions with pH adjusted to 3-6 (Figure 5). 

This pH range was selected based on the phosphate species existing 

at these conditions. In aqueous solutions, phosphates can exist in four 

different species (H3PO4, H2PO4
-, HPO4

2-, and PO4
3-), depending on 

the solution pH: 

 

 H3PO4

pK1

⇔ H2PO4
- +H+

pK2

⇔ HPO4
2- +2H+

pK3

⇔ PO4
3-+3H+  (13) 

 

 Here, pK1 = 2.13, pK2 = 7.20, and pK3 = 12.33 [7]. The H2PO4
- 

form, which is the dominant species at pH 3-6, is generally easier 

adsorbed onto metal oxides than HPO4
2- [31]. 

 

 
 

Figure 5. Phosphate adsorption onto BC500, MgBC500 and FeBC500 at 

different initial pH values of 3-6. 

 The phosphate adsorption by BC500 was negative at pH 3-6, 

indicating a net phosphate release from the biochar. Previous studies 

have also seen the release of phosphate from biochars instead of 

adsorption [28,41]. Likely, the acidic conditions promoted extraction 

of phosphate from the biochar that resulted in a higher phosphate 

release than adsorption. The MgBC500 also displayed a negative or 

neutral phosphate adsorption but less negative than BC500. This may 

indicate that the phosphate released from MgBC500 was largely 

canceled out by the phosphate that adsorbed onto the biochar, or 

possibly the incorporation of Mg may have reduced the phosphate 

release. The FeBC500 showed a positive phosphate adsorption 

capacity of 0.35-0.72 mg-Pg-1, but there was no clear dependence 

on the pH. Because of the negative phosphate adsorption of BC500 

and MgBC500, the adsorption kinetics and isotherm of phosphate 

onto FeBC500 were investigated in more detail. 

 The phosphate adsorption kinetics onto FeBC500 were measured 

at pH 4.5 and initial concentration of 10 mg-PL-1 (Figure 6). Phosphate 

adsorption rapidly increased within the first 6 h and then slowly 

leveled off, and equilibrium was reached within 24 h. 

 The adsorption kinetics were modeled in the kinetic region up to 24 h 

using the pseudo-first order model (Equation (6)), pseudo-second order 

model (Equation (7)), intraparticle diffusion model (Equation (8)), and 

Elovich model (Equation (9)). Frequently, the intraparticle diffusion 

model presents multilinearity due to the occurrence of two or more 

steps in the adsorption process. Here, two regions were identified: in 

the first region (<0.5 h) a very fast uptake was observed, which was 

followed by a second region (0.5 h to 24 h) where slower phosphate 

adsorption took place. The kinetic model parameters and their R2 

values are summarized in Table 4. The pseudo-second order equation 

(R2 = 0.978) provided a better fit than the pseudo-first order model 

(R2 = 0.920), the two-stage intraparticle diffusion model (R2 = 

0.870), and the Elovich equation (R2 = 0.847). The pseudo-second 

order model predicted an equilibrium adsorption capacity (qe) of 

0.707 mg-Pg-1, which is in close agreement with the experimental data 

(qe,exp = 0.684 mg-Pg-1). Previous studies on phosphate adsorption on 

various biochars also found that the pseudo-second order best described 

the adsorption kinetics [7,27,28]. 

 

 

Figure 6. Phosphate adsorption kinetics onto FeBC500.
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Table 4. Model parameters and the coefficients of determination (R2) for phosphate adsorption kinetics onto FeBC500 in the kinetic region (0-24 h). 

For the intraparticle diffusion model, the parameters are given for the second stage in the two-stage intraparticle diffusion process (t ≥ 0.5 h). 

 

Kinetic model Parameter 1 Parameter 2 R2 

Pseudo-first order k1 = 0.338 h-1 qe = 0.700 mg-P·g-1 0.920 

Pseudo-second order k2 = 0.853 g·mg-1·h-1 qe = 0.707 mg-P·g-1 0.978 

Intraparticle diffusion  ki = 0.076 mg·g-1·h-0.5 Ci = 0.293 mg·g-1 0.870 

Elovich α = 319.5 mg·g-1·h-1 β = 0.097 g·mg-1 0.801 

 

Table 5. Langmuir and Freundlich isotherm parameters for the adsorption of phosphate onto FeBC500. 

 

Isotherm model Parameter 1 Parameter 2 R2 

Langmuir KL = 0.150 Lmg-1 qm = 0.744 mg-Pg-1 0.978 

Freundlich KF = 0.138 (mgg-1)(Lmg-1)1/n n = 2.25 0.922 

 Generally, adsorption of phosphate onto biochars is governed 

by electrostatic interactions between the positively charged biochar 

surface and negatively charged phosphate ions [7]. Here, the pHPZC 

of FeBC500 was 3.3, which means at the phosphate solution pH of 

4.5 the biochar surface had a net negative charge. Phosphate adsorption 

onto biochar at pH > pHPZC, even though electrostatic interactions 

are unfavorable, has been observed previously [40,42] and was ascribed 

to occur via ligand exchange between surface hydroxyl and phosphate 

anions, forming an inner sphere complex at the sorbent surface [40, 

42,43]. Thus apart from electrostatic interactions, other adsorption  

mechanisms may also be involved. Additionally, while the net biochar 

surface had a negative charge, the incorporated iron oxides (Fe3O4 

and α-Fe2O3) in FeBC500 may be positively charged at pH 4.5, 

because the pHPZC of Fe3O4 and α-Fe2O3 lies between 5 and 8 [44]. 

In acidic conditions, phosphate is adsorbed onto Fe3O4 and α-Fe2O3 

as the monoprotonated species in either monodentate or bidentate 

inner sphere complex [40,45]. Thus, it may seem reasonable to assume 

that phosphate adsorption took place via ligand exchange mechanism 

onto the Fe3O4 and α-Fe2O3 present in FeBC500 [40]. The exact 

mechanism, however, could not be elucidated in the current study.

 The influence of the initial phosphate concentration on the 

adsorption behavior was investigated at initial phosphate concentrations 

of 1-50 mg-PL-1 at pH 4.5 (Figure 7). The Langmuir (Equation (10)) 

and Freundlich equations (Equation (12)) were used to describe the 

phosphate adsorption isotherm onto FeBC500, and a comparison of 

the two isotherms is given in Table 5. The Langmuir equation provided 

a better fit (R2 = 0.978) than the Freundlich equation (R2 = 0.922), 

indicating the homogeneous nature of the adsorption sites on the 

biochar and monolayer adsorption process. The separation factors 

RL ranged from 0.12 to 0.91, which indicates that phosphate adsorption 

onto FeBC500 was favorable. According to the Langmuir equation, 

the maximum phosphate adsorption capacity of FeBC500 was qm = 

0.744 mg-Pg-1. Generally the maximum phosphate adsorption capacity 

for Fe-loaded biochars prepared by pre-pyrolysis treatment of the 

biomass with a Fe source lies between 0.5 and 5 mg-Pg-1 [40,43,46], 

but also higher values have been reported [18,27,31]. 

 Previous studies have identified that important parameters to 

obtain a high phosphate adsorption capacity are the elemental 

composition (presence of elements such as Ca, Mg, and Fe) and the 

surface charge (i.e., pHPZC), and to a lesser extent the specific surface 

area [7,8]. This may explain the relatively low phosphate adsorption 

capacity of FeBC500 found here, namely the comparatively low 

content of Ca (0.3 mgg-1), Mg (0.7 mgg-1), and Fe (39.0 mgg-1) 

(Table 1) and the low pHPZC of 3.3, despite having a relatively high 

SBET of 259.4 m2g-1. A magnetic biochar derived from water 

hyacinth had an SBET of only 37.2 m2g-1 but a very high Fe content of 

62.93 wt%, which may explain its adsorption capacity of 5.07 mg-Pg-1 

[43]. In contrast, a magnetic biochar from corn stalk containing 

17.4 wt% Fe with high SBET of 303.1 m2g-1 and pHPZC of 7.64 had 

a lower phosphate adsorption capacity of 4.07 mg-P/g [46]. The Fe-

loaded rice straw biochars prepared by Wu et al. [31] contained only 

2.5 wt% to 2.6 wt% Fe, but the high pHPZC of 9.8 to 10.7 as well as 

the high surface area of 274.4 m2g-1 to 281.7 m2g-1 likely contributed 

to the high phosphate adsorption capacity of >30 mgg-1. In addition 

to above properties (metal content, pHPZC and SBET), other factors 

such as the pH of the solution as well as biomass-specific properties 

affect the phosphate adsorption performance.  

 A major challenge that needs to be overcome for the here presented 

elephant dung biochars is their low P adsorption capacity, which 

could be enhanced by increasing the Fe and Mg loadings of the biochars. 

An alternative approach to increase the P content is by co-pyrolysis 

of the elephant dung with an inexpensive P source: previous studies 

 

 

Figure 7. Phosphate adsorption isotherm onto FeBC500. 
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have demonstrated that such P-loaded biochars can act as slow release 

fertilizers that effectively supply P to crops [47]. Alternatively, the low 

pHPZC of 3.3 of FeBC500 means that FeBC500 is negatively charged 

over a wide pH range, which is beneficial for the adsorption of 

ammonium [8] or cationic pollutants such as heavy metals like Pb(II) 

or Cd(II) [48]. This will be further studied in our future work. 

 

4.  Conclusions 

 

 To the best of our knowledge, this is the first study that examined 

the use of elephant dung biochar for the recovery of phosphate. 

Instead of adsorbing phosphate, the unmodified biochar BC500 

released phosphate at pH 3-6. While modification of the microporous 

biochar with Mg greatly increased the Mg content and raised the 

pHPZC to 8.7, this MgBC500 did not show ability to adsorb phosphate. 

Modification with Fe, on the other hand, increased the SBET by 

fourfold and greatly increased the Fe content but resulted in an acidic 

pHPZC of 3.3. Compared to the other two biochars, FeBC500 adsorbed 

phosphate with a maximum adsorption capacity of 0.744 mg-Pg-1 

at pH 4.5. The adsorption behavior can be explained by the low 

pHPZC and relatively low metal content of the biochar. Adsorption 

equilibrium was reached after 24 h and adsorption kinetics were best 

described by pseudo-second order model. Despite the low phosphate 

adsorption capacity, elephant dung biochar presents an attractive 

value-added material that may find use for the adsorption of other 

nutrients and pollutants as well as additive to improve soil properties. 
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