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A B S T R A C T   

The present study used bench scale columns filled with biochar for phosphorous (P) recovery 
from real ultrafiltered wastewater. No studies are available about the potentiality of biochar using 
ultrafiltered real wastewater. Therefore, this study aimed to assess phosphate (PO4

3− ) recovery by 
biochar-packed columns employing real treated wastewater from an ultrafiltration process. Three 
flow rates were tested, specifically 0.7, 1.7 and 2.3 L h− 1, to gain insights into the optimal 
working conditions. Results revealed that the maximum amount of PO4

3− recovery (namely, 3.43 
mg g− 1 biochar) can be achieved after 7 h by employing the highest tested flow rate. Furthermore, 
the phosphorus exchange capacity (PEC) was inversely correlated with the feeding flow rate 
(FFR), with PEC values equal to 35, 25 and 9 % for FFR of 0.67, 1.7 and 2.3 L h− 1, respectively. 
The pseudo-first order model best approximated the adsorption kinetics, thus suggesting that the 
adsorption of phosphate by biochar depends on its concentrations (i.e. physiosorption 
mechanism).   

1. Introduction 

Phosphorus (P) is essential for plant growth and agricultural productivity [1]. However, being a non-renewable resource, P is 
continuously extracted from minerals [2]. Several technologies have been developed to remove and recover P from wastewater [3,4]. 
Among them, the P recovery from water and wastewater by physicochemical adsorption can be an attractive and effective solution, 
which limits P release into the environment [2]. 

During the last decade, biochar has been increasingly employed as an adsorbent to remove phosphate (PO4
3− ) from aqueous solution 

Nobaharan et al., 2021; [5]. The physicochemical properties of biochar, such as porous structure, stability, high surface area, pH 
buffering capacity, and ion-exchange ability, make it a cost-effective and environmentally friendly adsorbent Almanassra et al., 2021; 
[6,7]. Moreover, biochar is knowingly used as a soil amendment since it can enhance soil carbon sequestration and improve soil 
physicochemical properties such as reduction of bulk density, enhancement of water-holding capacity and nutrient retention stabi
lisation of soil organic matter, improvement of microbial activities, and heavy-metal immobilisation [8–10]. Consequently, once 
enriched with P, biochar could be directly used in soil, acting as a slow-release fertiliser within a circular economy perspective 
Mannina et al., 2021a. 
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Almanassra et al. [11] reported that biochar has an adsorption capacity ranging from 7.6 to 303 mg P g− 1, depending on the 
feedstock used for biochar preparation and pyrolysis conditions. However, the ability of biochar to adsorb P depends on many other 
factors, such as experimental conditions, pH, temperature, P loading rate, biochar dosage, etc [12,13]. Huggins et al. [14] investigated 
biochar P adsorption capacity in batch and column tests and found a capacity ranging from 2 to 0.8 mg P g− 1 for batch study and 
column test, respectively. In a column study, Jung et al. [12] observed that P adsorption on biochar decreases with increasing flow rate, 
which could be due to insufficient solute residence time to ensure contact between the PO4

3− and the available binding sites. However, 
most of the studies carried out up to now on P removal are lab-scale experiments employing synthetic water with a spiked solution of 
salts or phosphoric acid Almanassra et al., 2021, which cannot reflect the complex nature of real wastewater [13]. Only few studies 
have been conducted with real untreated/treated wastewater [14,15]. Such studies have highlighted several issues related to the 
competition between PO4

3− and other contaminants on the active adsorption sites, the interaction between PO4
3− and other matters 

found in the actual streams and the potential blockage of adsorbent pores by biological and organic contaminants [14,15]. 
Advanced treatment of real wastewater, like membrane bioreactor (MBR) processes or final effluent ultrafiltration, might allow 

almost complete removal of suspended particles Jupp et al., 2021 and very high removal of pathogen microorganisms such as 
Cryptosporidium, Giardia as well as bacteria, viruses, and parasites [16]. Only few studies have employed unmodified biochar as 
adsorbent for P removal and recovery from real wastewater at pilot scale plant [17,18]. Recently, Shakoor et al. [19] highlighted the 
need for studies to evaluate nutrient (P or N) removal and recovery from wastewater by biochar in column systems. 

As far as authors are aware, studies have yet to be conducted to assess biochar’s ability to recover P from treated real wastewater by 
advanced treatments (e.g., ultrafiltration membrane). Therefore, studies are needed to address the above-raised issues and establish if 
real treated wastewater can be a potential source of P instead of pristine biochar. In addition, P adsorption by biochar was investigated 
by adsorption kinetics studies to determine the time required for the adsorbate to reach maximum adsorption capacity on the 
adsorbent and the main adsorption mechanism. To our best knowledge, P adsorption kinetic studies on biochar have been only carried 
out on data obtained from batch tests [12,20,21]. 

In light of the above, this study aims to investigate the recovery of P by biochar from real wastewater treated with an advanced 
system (i.e. an ultrafiltration membrane) and its potential mechanism. To test the feasibility of P recovery and assess the role of the 
feeding flow rate, three different increasing flow rates were tested to determine how the column feed rate could influence the contact 
time and adsorption of P on biochar. The effects on the maximum amount of PO4

3− recovery, Phosphorus Exchange Capacity (PEC) and 
column adsorption kinetics were analysed. To test the hypothesis. 

2. Materials and methods 

2.1. Description of the experimental bench scale plant and experimental campaign 

A bench scale column plant (Fig. 1) filled with biochar was built at the Water Resource Recovery Facility (WRRF) within Palermo 
University Campus Mannina et al., 2021b. Specifically, the column plant was constituted by three identical columns realized in 
polymethylmethacrylate, with an internal diameter of 5 cm and height of 20 cm, with a total volume of 0.39 L. To have a value in 
triplicate, the three columns worked in parallel with an individual feed pump. Each column was filled with 37 g of biochar obtained by 
pyrolysis at 880 ◦C of wood residues (a mixture of pine and eucalyptus at an equal ratio) from thinning. 

Before its use, biochar (ø 2–5 mm) was washed three times with distilled water (200 g of biochar with 1.5 L) to remove particulate 
impurities and dried at 60 ◦C for 72 h. Then, according to Guo et al. [22], the biochar was pre-treated with hydrochloric acid (HCl) to 

Fig. 1. Biochar packed columns for phosphate (PO4
3− ) adsorption from ultrafiltered treated real wastewater.  
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remove carbonates and improve its adsorption efficiency. Precisely, 150 g of dried biochar was shaken for 12 h at 80 rpm with 1 M HCl 
solution (1:5 ratio, w:v). Finally, biochar was washed once with distilled water (1:2.5 ratio, w:v) and dried at 60 ◦C for 72 h (Table 1). 

The biochar obtained was characterised by acquiring Fourier transform and attenuated total reflectance infrared (ATR-FTIR) 
spectra (i.e., absorbance versus wave number) with a PerkinElmer Spectrum Two FTIR spectrometer equipped with an attenuated total 
reflectance (ATR) device. The spectra were acquired to evaluate the main functional groups of the tested biochar. Approximately 1 mg 
of pulverised biochar was used to acquire spectra in the wavenumber range 3600-600 cm− 1, with a resolution of 4 cm− 1 and 32 scans. 
According to Sharma et al. [23], this infrared spectral region is useful for characterising biochar’s structural characteristics. In 
addition, as suggested by Zhou et al. [24], the infrared spectral region between 1190 and 600 cm− 1 was monitored to assess P 
adsorption by biochar. Spectra were processed using PerkinElmer Spectrum software (version 10.5.1). 

Biochar’s zero charge point (pHpzc) was determined with a pH meter (FiveEasy, Mettler Toledo Spa, Milan, Italy) equipped with a 
glass electrode. According to Nasiruddin et al. [25], the pH drift method described in Vaičiukyniene et al. (2020) was used. Sodium 
chloride (0.01 M) was used as the background electrolyte. Eight solutions with pH values ranging from 2 to 9 were prepared, adjusting 
the pH by adding small amounts of 0.5 M HCl or 0.5 M NaOH solutions. Then, 0.1 g of biochar was soaked with 40 mL of each solution 
and left to stand for 24 h at room temperature. The final pH of each solution was measured. The pHpzc of the biochar was evaluated as 
follows: if the initial pH of the solution was equal to the final pH of the solution, then this was considered the pHpzc, and the charge on 
the surface of the biochar was assumed to be zero (Vaičiukyniene et al., 2020). Cleaned quartz sand (ø 2–5 mm) sandwiched the 
biochar layer at the top and bottom to immobilize the biochar layer and enhance a uniform flow distribution over the cross-sectional 
area. The column plant was fed with real treated wastewater produced by a biological pilot plant treating real domestic wastewater 
equipped with an ultrafiltration membrane to remove pathogenic microorganisms [26]. The columns worked with an upward flow and 
the treated wastewater was fed into the columns using a peristaltic pump (Watson Marlow-Qdos 30 Universal). 

Wastewater characteristics and main treatment features are reported in Table 2. The global duration of the experimental campaign 
was 90 days divided into three periods (namely, Period I, Period II and Period III, respectively). Each period was characterized by a 
different value of the feeding flow rate: 0.7, 1.7 and 2.3 L h− 1, respectively in Period I, Period II and Period III. The concentration of 
ions, acidity, and electrical conductivity in treated wastewater were measured at the inlet and outlet of the columns. Concerning the 
sampling frequency, samples were collected in the first 24 h of operation after 0.5, 1, 3, 5 and 24 h, respectively. Afterwards, samples 
were collected daily until the end of the experiment. 

2.2. Analytical methods 

Before being analysed by ion chromatography, samples were filtered through membrane syringe filters with a pore size of 0.45 μm 

Table 1 
Physical and chemical characteristics of the biochar before and after the treatment with 1 M hydrochloric acid.  

Parameter Units Biochar Biochar + HCl 

Bulk density g L− 1 126 ± 4 92 ± 3 
Surface area m2 g− 1 227 ± 18 262 ± 12 
Total pore volume cm3 g− 1 51 ± 4 71 ± 6 
Maximum water retention % 400 ± 18 442 ± 15 
Soil reaction pH 10 ± 0.6 8.1 ± 0.2 
Electrical conductivity dS m− 1 2 ± 0.3 1.3 ± 0.2 
Moisture % 6.7 ± 0.5 8.2 ± 0.7 
Total limestone % 2.7 ± 0.6 - - 
Total carbon % 72 ± 6 68 ± 4 
Ashes to 550 C◦ % 6.4 ± 0.4 5.2 ± 0.4 
Molar ratio H:C /// 0.21 ± 0.03 0.41 ± 0.07 
Total nitrogen (N) % 0.29 ± 0.05 0.25 ± 0.02 
Total phosphorus (P2O5) g kg− 1 0.22 ± 0.04 0.19 ± 0.05 
Total potassium (K2O) g kg− 1 4.0 ± 0.7 3.1 ± 0.6 
Total calcium (CaO) g kg− 1 11 ± 2 6 ± 1 

6.5. 

Table 2 
Main chemical characteristics of treated real wastewater used to feed the columns filled with biochar for P removal.  

Parameter Symbol Units Average ± SD 

Soluble COD sCOD mg L− 1 42.9 ± 26.4 
Total Nitrogen TN mg L− 1 17.6 ± 5.6 
Ammonium NH4–N mg L− 1 5.5 ± 5.1 
Phosphate PO4–P mg L− 1 10.5 ± 2.1 
Flow Rate QIN L h− 1 0.7-1.7-2.3 
Escherichia Coli EC MPN 100 mL− 1 2.8 ± 6.2 
Empty bed contact time EBCT min 26.5-10.6-7.6 
Reaction pH – 6.9–7.7  
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to remove any impurities and thus protect the analytical columns [27]. The concentration of fluoride (F− ), chloride (Cl− ), nitrite 
(NO2

− ), nitrate (NO3
− ), phosphate (PO4

3− ) and sulphate (SO4
2− ) was determined by Dionex Easion, Thermo Scientific Ionic chromato

graph, with Dionex IonPac AS22 (4 × 250 mm) column. The used reagents were Dionex Anion Regenerant Concentrate, Thermo 
Scientific (72 mN Sulfuric Acid), Dionex AS22 Eluent Concentrate, Thermo Scientific (4.5 mM Sodium Carbonate and 1.4 mM Sodium 
Bicarbonate) for anion determination. The Ion Chromatograph was coupled with Autoanalyzer Dionex AS-DV, Thermo Scientific. The 
P exchange capacity (PEC) of the biochar was assessed as the ratio between the P adsorbed by biochar (mg g− 1) and the P fed to the 
system (mg L− 1). Acidity was measured by a pH meter (FiveEasy, Mettler Toledo S.p.a., Milan, Italy), whereas electrical conductivity 
(EC) was measured by a conductometer (HI5321, Hanna Instruments Italia S.r.l., Padua, Italy). The data reported for each period are 
the average values for the three columns. 

2.3. Adsorption kinetics 

The kinetics of PO4
3− adsorption were evaluated by modelling experimental data from biochar packed column over the first 72-h. 

Ultrafiltered wastewater was fed into the column at a constant concentration of 10.5 ± 2.1 mg PO4
3− L− 1, and the PO4

3− concentration 
in the filtered wastewater was measured at 30, 45 min, 1 h, 1.5 h, 2 h, 3 h, 5 h, 24 h, 48 h, and 72 h. Data were analysed mathe
matically, applying both pseudo-first and pseudo-second order models. The pseudo-first order model (eq. (1)) Lagergren [28] assumes 
that the adsorption rate is solely dependent on the amount of PO4

3− in contact with the biochar: 

Fig. 2. Specific phosphate absorption rate during Period I (a), Period II (b) and Period III (c), respectively, with different influent loading rate (Q).  
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qt = qe
(
1 − e− k1 t) (1)  

where qt in mg PO4
3− g− 1is the amount of PO4

3− adsorbed by biochar at time t, qe is the equilibrium adsorption capacity (mg PO4
3− g− 1) 

and k1 (h− 1) is the pseudo-first order monomodal constant. The latter is directly related to the adsorption rate of PO4
3− by biochar. The 

higher is the k1 the value, the faster the PO4
3− adsorption rate. 

The pseudo-second order model (eq. (2)) [29] assumes a chemisorption process, i.e. an adsorption process that involves a chemical 
reaction and that implies the formation of a covalent bond between the molecule and one or more atoms on the surface. In this 
scenario, the rate of adsorption depends on the adsorption capacity rather than the concentration of PO4

3− in contact with the biochar 
Sahoo & Prelot, 2020. 

qt =
k2q2

et
1 + k2qet

(2)  

where qt (mg PO4
3− g− 1) is the amount of PO4

3− adsorbed at time t, qe is the amount of PO4
3− adsorbed at equilibrium (mg PO4

3− g− 1), k2 
(h− 1) is the pseudo second order rate constant, and is constantly related to the energy of adsorption. 

The basic assumptions of the Elovich model include two key points: first, that the activation energy increases with the duration of 
adsorption, and second, that the surface of the adsorbent exhibits heterogeneity. Although this model is widely used in modelling gas 
adsorption on solids, it is essentially empirical and lacks precise physical interpretations. Equation 3, formulated by Ref. [30], outlines 
the essence of the Elovich model. 

qt=
1
b

ln(1+ abt)

where qt (mg PO4
3− L− 1) is the amount of PO4

3− adsorbed at time t. “a” Initial adsorption rate constant of the Elovich model (mg g− 1 

h− 1), “b” is the desorption rate constant of the Elovich model (mg g− 1).The performance of the different kinetic models was evaluated 
through the application of different statistical parameters, such as correlation coefficient (R2), chi-square (χ2), residual sum of squares 
error (SSE), and mean sum of squares error (MSE).The kinetics have been analysed using a user-friendly UI developed based on Excel 
([31]. 

Table 3 
A comparative studies reveling the application of biochar as an adsorbent in removal of phosphate from synthetic water/real wastewater.  

Reference Experiment 
types 

Adsorbents Wastewater 
types 

Initial P 
concentration 
(mg L− 1) 

Temperature 
(◦C) 

pH Duration 
(h) 

Adsorption 
Capacity (mg 
g− 1) 

Jung et al. 
[12] 

Batch Electrochemically 
modified biochar 
calcium-alginate beads 

Synthetic water 500 20 4.0 24 169.89 

Fixed-bed 
column 

Electrochemically 
modified biochar 
calcium-alginate beads 

Synthetic water 30 20 4.0 – 23.81–98.44 

Huggins 
et al. 
[14] 

Batch Pristine biochar Real brewery 
wastewater 

18 20 ± 2 – 24 1.00 

Fixed-bed 
column 

Pristine biochar Real brewery 
wastewater 

18 – – 72 2.60 

Batch Granular activated 
carbon (GAC) 

Real brewery 
wastewater 

18 20 ± 2 – 24 0.49 

Fixed-bed 
column 

Granular activated 
carbon (GAC) 

Real brewery 
wastewater 

18 – – 72 1.90 

Present 
study 

Fixed-bed 
column – 
Period I 

Pristine biochar Ultrafiltered real 
domestic 
wastewater 

10.5 ± 2.1 25 6.9–7.7 24 0.19 

Fixed-bed 
column – 
Period I 

Pristine biochar Ultrafiltered real 
domestic 
wastewater 

10.5 ± 2.1 25 6.9–7.7 144 3.41 

Fixed-bed 
column – 
Period II 

Pristine biochar Ultrafiltered real 
domestic 
wastewater 

10.5 ± 2.1 25 6.9–7.7 24 2.70 

Fixed-bed 
column – 
Period III 

Pristine biochar Ultrafiltered real 
domestic 
wastewater 

10.5 ± 2.1 25 6.9–7.7 7 3.43 

Fixed-bed 
column – 
Period III 

Pristine biochar Ultrafiltered real 
domestic 
wastewater 

10.5 ± 2.1 25 6.9–7.7 144 6.00  
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2.4. Correlation analysis 

For each period, correlation analysis among anions concentration, pH, and EC was determined using SPSS 13.0 on treated 
wastewater at the outlet of the columns. 

3. Results and discussion 

FTIR spectra of the HCl-treated biochar before and after phosphate adsorption were similar (Fig. S1). Peaks refer to functional 
groups similar to woody matrix biochar [32,33]. The peak near 1100 cm− 1 can be assigned to P–O stretching vibration of the PO4

3−

group. Such results align with those of Xia et al. [34], who observed that P was successfully adsorbed by biochar obtained at 400 ◦C 
from tobacco sticks. 

Fig. 2 shows the PO4
3− specific adsorption rate during Period I (Fig. 2a), Period II (Fig. 2b) and Period III (Fig. 2c), respectively. The 

specific PO4
3− adsorption rate of biochar with a working influent flow rate of 0.67 L h− 1 for each column followed an exponential trend 

in agreement with previous studies (e.g. Ref. [14]). 
Indeed, after one working day, the amount of PO4

3− adsorbed by biochar was 0.19 mg g− 1, while on day 6, it reached the value of 
3.41 mg g− 1 (Table 3). The achieved P adsorption was generally lower than reported in the literature (Table 3). Indeed, Zhong et al. 
[35] found an adsorption capacity of 9.8, 18.8, and 23.3 mg g− 1 in batch experiments carried out with coconut shell biochar/pristine 
biochar at 25, 35, and 45 ◦C, respectively, with PO4

3− concentration of 100 mg L− 1 (Table 3). These results can be likely related to the 
higher PO4

3− concentration in their initial solution and the lower biochar size (<1 mm), which provided a higher contact surface. 
Indeed, in the current study, the initial PO4

3− concentration was 10.5 ± 2.1 mg L− 1 and the biochar particle size was 2–5 mm. 
Therefore, due to the low adsorption rate at the beginning of the experiment, likely due to the low phosphorus loading rate because 

of the low influent flow rate (0.67 L h− 1), the influent flow was increased up to 1.7 L h− 1 (Period II). Following such an increase 
(Fig. 2b; Period II), a significantly higher amount of PO4

3− was adsorbed by biochar after just one day of work compared to that 
achieved in Period I. Indeed, it was noticed, after one day of operation, an increase from 0.19 to 2.7 mg PO4

3− g− 1 biochar, thus 
highlighting that the increase of the influent flow, and consequently the increase of P loading rate, promoted an overall increase of 
PO4

3− adsorption at the beginning of experiments. Nevertheless, after two days of work, a very moderate increase in PO4
− 3 adsorption 

was noticed, close to only 10 % compared to the previous day. Therefore, the influent flow rate was decided to increase to 2.3 L h− 1 

(Period III). In Period III, after only 7 h of work(~0.3 day) the adsorbed PO4
3− was 3.43 mg g− 1 of biochar, thus confirming that a 

Table 4 
Correlation analysis among anions concentration, pH and electrical conductivity (EC) determined on treated wastewater at the outlet of the columns 
at each period (Period I, Period II, Period III). *, p < 0.05; **, p < 0.01  

Period I 

Variables hours pH CE (dS m− 1) F− (mg L− 1) Cl− (mg L− 1) NO2
− (mg L− 1) NO3

− (mg L− 1) PO4
3− (mg L− 1) 

pH 0.616*        
CE (dS m− 1) − 0.585* − 0.968**       
F− (mg L− 1) 0.675* 0.333 − 0.362      
Cl− (mg L− 1) − 0.734** − 0.903** 0.943** − 0.590*     
NO2

− (mg L− 1) − 0.359 0.091 − 0.093 − 0.437 − 0.040    
NO3

− (mg L− 1) 0.417 0.811** − 0.874** 0.463 − 0.793** − 0.138   
PO4

3− (mg L− 1) − 0.405 − 0.627* 0.603* − 0.076 0.625* − 0.472 − 0.211  
SO4

2− (mg L− 1) 0.294 − 0.443 0.482 0.204 0.231 − 0.203 − 0.678* − 0.071  

Period II 

Variables hours pH CE (dS m− 1) F− (mg L− 1) Cl− (mg L− 1) NO2
− (mg L− 1) NO3

− (mg L− 1) PO4
3− (mg L− 1) 

pH 0.763        
CE (dS m− 1) − 0.569 − 0.925**       
F− (mg L− 1) − 0.453 0.089 − 0.294      
Cl− (mg L− 1) − 0.555 0.081 − 0.245 0.880*     
NO2

− (mg L− 1) 0.623 0.333 − 0.321 − 0.028 − 0.458    
NO3

− (mg L− 1) 0.679 0.066 0.148 − 0.866* − 0.981** 0.499   
PO4

3− (mg L− 1) − 0.795 − 0.954** 0.873* − 0.116 − 0.049 − 0.483 − 0.100  
SO4

2− (mg L− 1) − 0.751 − 0.397 0.063 0.543 0.505 − 0.321 − 0.638 0.511  

Period III 

Variables hours pH EC (dS m− 1) F− (mg L− 1) Cl− (mg L− 1) NO2
− (mg L− 1) NO3

− (mg L− 1) PO4
3− (mg L− 1) 

pH 0.421        
EC (dS m− 1) − 0.472 − 0.830**       
F− (mg L− 1) 0.370 0.743* − 0.829**      
Cl− (mg L− 1) 0.250 0.005 0.108 − 0.474     
NO2

− (mg L− 1)         
NO3

− (mg L− 1) − 0.742* − 0.573 0.400 − 0.625 0.136    
PO4

3− (mg L− 1) − 0.823** − 0.730* 0.660* − 0.759* 0.124  0.942**  
SO4

2− (mg L− 1) 0.479 0.200 − 0.272 − 0.206 0.847**  0.096 − 0.073  
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further increase of influent P loading rate enhanced the recovery of P onto biochar. Afterwards, an almost linear increase in PO4
3−

adsorption up to day 6 was observed and the adsorption capacity showed an asymptotic trend, reaching a maximum value of 6 mg g− 1. 
The increase of PO4

3− adsorbed with the increase of the influent flow rate disagrees with the literature [12]. Indeed, Jung and 
co-workers, investigating the effect of flow rate on PO4

3− adsorption by changing the influent flow rate between 2.5, 5.9- and 7.5-mL 
min− 1, found that the breakthrough generally occurred faster with a higher flow rate, indicating a lower saturation duration. Hence, 
PO4

3− adsorption on biochar reduces with increased flow rate, which may be caused by the solute not having enough time to settle and 
contact the accessible binding sites for the PO4

3− on the biochar surface. 
Moreover, EC and pH are important in determining the amount of PO4

3− adsorbed by biochar. At each sampling period, PO4
3−

determined on the treated wastewater at the outlet of the columns was positively correlated with EC and inversely pH (Table 4). The 
positive correlation with EC is reasonable and indicates that, by increasing salts concentration, the concentration of PO4

3− in the 
effluent increases probably due to an excessive presence of salts in the influent and the inability of biochar to adsorb all soluble salts. 
The form of PO4

3− in aqueous solution depends on the pH [36]. Considering that the pH of the treated wastewater ranged from 6.9 to 
7.7, among the four phosphate forms (H3PO4, H2PO4

− , HPO4
2− , and PO4

3− ), H2PO4
− and HPO4

2− were the dominant species. Thus, the 
inverse relationship with pH may be ascribed to the competition of OH− for the adsorption sites with PO4

3− in solution, resulting in a 
decrease in phosphate adsorption capacity [37], and to PO4

3− precipitation with Ca2+ and Mg2+ to form less soluble salts [38]. Such 
results agreed with those of the pHpzc. The pHpzc (Fig. S2) of biochar is fundamental to foresee if biochar in contact with aqueous 
solution may absorb phosphate. Indeed, when pH of the solution is lower than the biochar’s pHpzc, the biochar’s positively charged 
surface favours the adsorption of anionic P species. Conversely, when pH is higher than the pHpzc, functional groups are protonated, so 
a lower amount of P is adsorbed. The pHpzc of biochar treated with HCl was 6.7 (Fig. S2). Thus, by relating the pH of treated wastewater 
and pHpzc of biochar, the low amount of P adsorbed by biochar can be easily explained. 

To stress the different adsorption behaviour under different loading rates, Fig. 3 shows the trend of PO4
3− concentration at the inlet 

and outlet of the columns as well as the cumulated PO4
3− adsorbed during the first 5 h of flushing, respectively, in Period II (Fig. 3a) and 

Period III (Fig. 3b). 
The higher PO4

3− adsorption in Period III compared to Period II is likely due to the higher P loading rate to the columns. Indeed, in 
Period II, only 15.3 mg PO4

3− were adsorbed by biochar after 5 h of work; in contrast, in Period III, after the same duration, biochar 
adsorbed 77 mg PO4

3− thus suggesting that the overall mass of adsorbed P on the biochar surface is dependent on the influent flow. It is 
to be noted that, during the 5 h, the phosphate concentration decreased over time. Indeed, since fresh adsorbent was used at the 
beginning of each experiment, one would expect the outlet phosphate concentration to be essentially zero at the start and increase over 

Fig. 3. Influent and effluent PO4
3− concentrations and PO4

3− absorbed after 5 h in Period II (a) and Period III (b), respectively.  

Fig. 4. Phosphorus exchange capacity (PEC) vs the influent flow rate.  
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time due to the saturation of the sorbent. Such unexpected behaviour can be attributed to the need for further cleaning of biochar pores 
and surfaces from dust and other dirtiness Guo et al., 2019. To highlight the effect of hydraulic loading rate on the adsorption per
formance of biochar, for each period, the PEC was computed as the ratio between the PO4

3− adsorbed by biochar and the PO4
3− fed to the 

system in the same working time (Fig. 4). 
As noticeable from Fig. 4, despite the present study, the highest amount of recovered PO4

3− was achieved in Period III, with the 
highest influent flow rate; in terms of PO4

3− recovery, the efficiency referred to the influent loading rate is inversely proportional to the 
influent flow rate. Indeed, the PEC values were equal to 35, 24.5 and 8.9 % for flow rates of 0.67, 1.7 and 2.3 L h− 1, respectively. This 
result agrees with the results achieved in the study of Jung et al. [12], where a reduction of PO43䂆 adsorption performance was found 
with the increasing flow rate. According to Chu [39] and Salman et al. [40], this phenomenon might be related to the low residence 
time of the solute, which is insufficient to provide the proper contact between PO4

3− and the binding sites at higher flow rates. Similarly, 
Kizito et al. [41] investigated ammonium adsorption in biochar columns by varying the flow rate from 15 to 25 mL min− 1 and found 
higher NH4–N removal at the lowest flow rate. This result was attributed by Kizito and co-workers to the reduced residence time of the 
solute in the sorption bed at a higher flow rate. 

Therefore, if the aim is PO4
3− recover to prevent eutrophication of water bodies, results suggest working with lower flow rates for a 

higher duration. In contrast, if the aim is to maximize PO4
3− recovery in view of using the enriched biochar as a slow-release fertilizer, 

the suggestion is to apply higher flow rates to quickly adsorb P. 
Adsorption kinetic studies of PO4

3− only pertain to Period III, which yielded the highest PO4
3− adsorption onto biochar. The amounts 

of PO4
3− adsorbed as a function of contact time are reported in Fig. 5. Adsorption of PO4

3− was fast during the first 5 h and then slowed 
down. 

The pseudo-first-order kinetic model returned higher R2 values and lower χ2, SSE and MSEvalues than the pseudo-second-order and 
Elovich kinetic models (Table 5), thus indicating a better fit of the former model (Fig. 5). Such results suggest that the adsorption rate is 
solely dependent on the amount of PO4

3− in contact with the biochar (physiosorption mechanism; [28,31]). 

4. Conclusions 

Biochar was tested as an adsorbent material to recover P from real wastewater treated with an advanced membrane system. The 
results highlighted an effective P recovery with the highest amount of P adsorption with the increase of flow rate (namely, 3.43 mg P 
g− 1 at a flow rate of 2.3 L h− 1). Nevertheless, the P adsorption capacity achieved in this study was generally lower compared to 
previous findings; these results could be likely due to the size of the biochar used and the treated water’s features. Future research 
should investigate biochar’s adsorption ability, characterized by smaller size (higher contact surface) and water with higher P con
centrations. On the other hand, the highest PEC efficiency (i.e., 35 %) was found at the lowest investigated flow rate. This aspect is 

Fig. 5. Monomodal pseudo-first adsorption kinetics by biochar in period III.  

Table 5 
Parameter values obtained from applying pseudo-first, pseudo-second order and Elovich kinetic models to experimental data of phosphate adsorption 
by biochar in bench scale columns. R2, correlation coefficient; χ2, chi-square, SSE, residual sum of squares error, and MSE, mean sum of squares error.  

Pseudo first-order model R2 χ2 SSE MSE k1 (h
− 1) qe (mg g− 1) 

0.968 0.489 0.314 0.031 0.16 2.7 
Pseudo-second order model R2 χ2 SSE MSE k2 (h

− 1) qe (mg g− 1) 
0.959 0.632 0.412 0.041 0.05 3.1 

Elovich model R2 χ2 SSE MSE a (mg g− 1 h− 1) b (mg g− 1) 
0.929 0.933 0.728 0.072 0.672 1.39  
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relevant since, in this way, it is possible to pursue P recovery in view of preventing at the same time water body’s eutrophication. 
Pseudo-first-order model best approximated the adsorption kinetics, thus suggesting that the adsorption of phosphate by biochar 
depends on its concentrations (i.e. physiosorption mechanism). 
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