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1 Introduction

Phosphate (P) is recognized as being one of the critical
global resources that will be depleted by the end of this
century (Pradel and Aissani, 2019). More than 90% of
phosphates are applied in phosphatic fertilizers, approxi-

mately 7% in detergents, and the rest in other applications
(Huang et al., 2017b). Excess discharge of P from
agricultural and industrial productions to aqueous media
causes eutrophication (Sun et al., 2018) leading to
dissolved oxygen depletion and fish toxicity, growth of
blue and green algae, deterioration of water quality, and
hence impaired public health (Boeykens et al., 2017).
Thus, it is urgent to develop promising P removal methods
from water synchronously.
Multiple studies have been conducted to maintain a low
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H I G H L I G H T S

•Nanocomposites were prepared by adding dolo-
mite to vinasse at different ratio.

•Textural and morphological features of adsor-
bents were studied in detail.

•CCD based RSM was used for investigation of P
ion removal by nanocomposite.

•The qm based on Langmuir model for modified
vinasse biochar was 178.57 mg/g.

• P loaded nanocomposite improved plant growth
and could be utilized as P-fertilizer.
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G R A P H I C A B S T R A C T

A B S T R A C T

The effectiveness of phosphate (P) removal from aqueous solutions was investigated by novel low-cost
biochars synthesized from vinasse and functionalized with calcined dolomite. The vinasse-derived
biochar, synthesized via pyrolysis at different temperatures, showed easy preparation and a large
surface area. The novel vinasse biochar nanocomposites were prepared by adding dolomite to the
vinasse biochars with different weight percentages (10, 20 and 30%). The characteristics of the
prepared materials were identified for further understanding of the inherent adsorption mechanism
between P ions and vinasse biochars. Vinasse-dolomite nanocomposite was very effective in the
adsorption of P species from aqueous media. The effect of the operational factors on Vinasse-dolomite
nanocomposite was explored by applying response surface methodology (RSM). According to RSM
results, the optimum condition was achieved to be contact time 90 (min), 250 (mg/L) of P
concentration and pH 7. Thermodynamic isotherm and kinetic studies were applied on experimental
data to understand the adsorption behavior. The Vinasse-dolomite nanocomposite revealed preferential
P species adsorption in the presence of co-existing anions. The P species could be recovered by 1.0 M
HCl where the efficiency was not affected up to the fifth cycle. The P-loaded Vinasse-dolomite
nanocomposite was successfully tested on a plant; it significantly improved its growth and proved its
potency as a P-based fertilizer substitute.
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level of redundant P in water or wastewater, including
membrane filtration, ion exchange, biological treatment,
chemical precipitation, and adsorption (Huang et al.,
2017a; Ren et al., 2017). Biological treatment is extremely
vulnerable to fluctuations in characteristics of wastewater,
leading to low reliability and stability (Ye et al., 2016).
Precipitation through chemical process costs require
purchasing chemicals and transportation, and leads to
undesired waste sludge which ought to be effectively
managed (Li et al., 2018b). Membrane filtration is limited
by fouling and is economically unattractive (Shahid et al.,
2019), while ion exchange may lose its adsorption
capability after multiple regenerations. On the other
hand, adsorption is thoroughly recommended as a feasible
process for treating P (Selim et al., 2019). The main
challenge for the adsorption method is to find inexpensive
materials which simultaneously have a fast adsorption rate
and high adsorption capacity. Various adsorbents such as
industrial by-products and agricultural wastes have been
successfully tested in the adsorptive removal of P (López
et al., 2019).
Over the last decades, several authors have focused on

biochar as an adsorbent for removing contaminations from
water streams, which could exert useful effects for both
carbon sequestration and water pollution control (Wang
and Wang, 2019). Furthermore, there is no need to recycle
the spent biochar since after P adsorption, it can be directly
applied to the soil, bringing fertility and building soil
carbon (Vikrant et al., 2018). Indeed, based on previous
studies, in the presence of MgO and CaO, the P adsorbed
on to the biochars, has proven benefits on plant growth
(Yao et al., 2013; Li et al., 2016b; Li et al., 2018a). Biochar
is a generally stable black carbon byproduct materials
derived from pyrolyzing biomass under little or no oxygen
conditions (Xue et al., 2019). The utilization of locally
available and low-cost biomass for biochar fabrication is
an emerging interest in the scientific community. The
potential use of biochar obtained from indigenous and
renewable biomass is commonly considered to be a proper
economic and environmental policy for waste recycling
and P treatment (Valle et al., 2016). Biochar can be made of
numerous waste biomass sources (Tripathi et al., 2016).
Vinasses are a liquid waste extracted during ethanol

production from sugar beet or sugarcane as well as
distillation of beverages (Fukushima et al., 2019). On
average, every liter of produced ethanol generates
approximately 10–15 L of vinasse. The chemical composi-
tion of waste vinasse changes based on the raw material
applied for ethanol production and the distillation process
(Hoarau et al., 2018). They are characterized by a dark
brown color, high electrical conductivity, low pH (pH 3.5–
5.0), high concentrations of suspended and volatile solids,
large amounts of organic substances (COD: 50–150 g/L),
and occasionally contain heavy metals such as magnesium

(Mg), calcium (Ca), potassium (K), etc (Aparicio et al.,
2017). Biochar derived from vinasses has a large surface
area, porous structure, and abundant functional groups, and
thus may be effective for the removal of P from aqueous
solutions (Kazak et al., 2017). Vinasse can be treated by
biological and physicochemical processes, which can
reduce its toxicity through degrading its organic compo-
nents. Thus, it can totally or partially replace the use of
chemical fertilizers, especially those containing P, thereby
reducing crop costs. Discharging vinasse to water bodies or
soil without any treatment would cause numerous
environmental issues such as disorganization in fish tissue,
death of aquatic organisms, and contamination of portable
water sources (Chowdhary et al., 2017; Hoarau et al.,
2018) as well as soil toxicity and quality changes
(Christofoletti et al., 2013).
Some of the typical methods of adsorbent modification

are ion exchange, wet and dry impregnation and physical
mixing procedures. This study suggests a new strategy to
enhance the adsorption efficiency of the original vinasse-
derived biochar (VB) by adding mineral oxides. Intermix-
ing mineral oxides with VB leads to appearance of unique
chemical and physical properties associated with improved
the rapidity of adsorption.
Dolomite, a popular mineral rock and available in

sedimentary thick beds, can also be found in hydrothermal
veins, metamorphic marbles, and replacement deposits
(Zhao et al., 2018). It has gained a great deal of attention
for more than six decades due to its inexpensiveness and
universal availability. The overall formula of dolomite is
usually MgCa(CO3)2. The amount of magnesium and
calcium in most specimens is identical, but sometimes one
element might have a slightly higher presence than the
other. Small amounts of manganese and iron are also
occasionally present (Nugroho et al., 2014).
The goals of this study were to develop a VB-dolomite

nanocomposite for the removal of P species from aqueous
media and evaluate its performance as P substitutive
fertilizer. Thus, vinasse of sugar beet was obtained locally
and pyrolyzed at different temperatures. The morphologi-
cal and textural features of prepared carbonous materials
were investigated by various techniques. RSM based on
central composite design (CCD) was applied for the
experimental design in order to minimize the number and
duration of experiments and optimize the removal
conditions of P ions by VB800@D-20. The adsorption
properties of the as-synthesized nanocomposite such as
thermodynamics, isotherms, and kinetics were studied.
Desorption study was conducted on the prepared adsorbent
to survey its potency to be regenerated based on the
strength of the P-adsorbent bond. The efficiency and
adsorption mechanism for P removal by the modified
biochar and its performance as P-based fertilizer substitute
were also examined.
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2 Experimental

2.1 Preparation of VB

Condensed vinasse was obtained from an ethanol industry
located in the north-west of Iran. A boiler was used to
reduce the volume of vinasse to one-third, resulting in
condensed vinasse.
Before the synthesis of VB, condensed vinasse was fully

dried in oven for 12 h at 100°C. The dried vinasse was
pyrolyzed in a pyrolysis reactor within three temperature
ranges from ambient until the desired point (400°C, 600°C
and 800°C) with the pace of 10°C/min under the N2 flow of
100 mL/min and kept at the peak temperature for 60 min
before cooling to the ambient temperature.
Finally, the obtained carbonous material was crushed

and washed with deionized water five times to wipe the
residual surface ash, and finally oven-dried at 100°C for
12 h before using in any experiment. The pyrolyzed dried
vinasse at three temperatures (400°C, 600°C and 800°C),
were labeled VB400, VB600 and VB800, respectively and
applied for the study of P recovery from aqueous solutions
and release.

2.2 Preparation of VB-dolomite nanocomposite

VB-dolomite nanocomposite was prepared according to
the pyrolysis process of vinasse with dolomite as follows:
Initially, raw dolomite was calcined in a furnace at 1200°C
to become more active and porous (Salameh et al., 2015).
Secondly, the calcined dolomite was stirred with raw
vinasse (without any dehydration) at different weight ratios
(10, 20 and 30%). Then, the composite, was pyrolyzed at
800°C in a furnace under 100 mL/min purging of N2 gas.
The obtained samples were named as VB800@D-10,
VB800@D-20 and VB800@D-30, respectively.

2.3 Characterization

X-ray Fluorescence Spectroscopy (XRF) analysis was
utilized for further and more accurate identification of
samples and elemental composition (PW1410, Philips).
For the unmodified and modified carbonous materials,
Fourier transform infrared spectroscopy (FT-IR) spectra
were obtained. The morphological features and chemical
composition of VB adsorbents were further analyzed by
scanning electron microscopy (SEM, MIRA III energy
dispersive X-ray spectroscopy equipped electron
microscope (EDX)). The crystallinity of the as-prepared
adsorbents was investigated by X-ray diffraction (XRD)
via Philips PW1730 diffractometer with Cu Kα radiation,
at 40 kV and 20 mA. The textural properties of the
VB prepared biochars were determined by N2

adsorption/desorption via Micromeritics model ASAP
2010 sorptometer. To monitor the pH level of the

solution in experiments, Fisher Scientific Accumet
Basic AB15 pH meter was used. Pyrolysis process was
carried out in a horizontal tube furnace (TF5/40-1500
AZAR FURNACES), with the maximum degree of
1500°C.

2.4 Phosphate adsorption experiments

For adsorption experiments, solutions of potassium
phosphate monobasic (KH2PO4) were prepared in deio-
nized water. The initial solution pH varied from 3.00 to
11.00 which was adjusted using 1 M NaOH or HCl
solution. Adsorption isotherm studies were conducted in
thermostatic shakers separately at 200 r/min and in 298 K.
The initial (50, 150, 200, 250 and 300 mg/L) and
equilibrium concentrations of P in experiments were
measured by UV spectrophotometer. The percentage of P
ion removal was calculated by Eq. (1):

R ¼ C0 –Ce

C0
� 100% (1)

Meanwhile, the adsorption capacity of the adsorbent (qe,
mg/g) can be determined by Eq. (2):

qe ¼
ðC0 –CeÞV

W
, (2)

where Ce and C0 represent the equilibrium and initial P ion
concentrations in the solution, respectively (mg/L), W is
the mass of dry adsorbent (g) and V denotes the solution
volume (L).

2.5 Models for equilibrium and kinetic studies

The equilibrium adsorption capacity (qe) and equilibrium
concentration (Ce) were subjected to different isothermal
models, including the Langmuir, Freundlich and D–R
model.
The Langmuir isotherm could be expressed according to

Eq. (3) (Langmuir, 1918):

Ce

qe
¼ 1

KLqm
þ 1

qm
Ce, (3)

where qm is Langmuir maximum adsorption capacity,
which represents monolayer coverage of VB by the P ions,
and KL is also Langmuir constant related to the affinity of
binding sites (L/mg).
The RL, separation factor, is a dimensionless constant

which can be used to express essential characteristics of the
Langmuir isotherm according to Eq. (4):

RL ¼ 1

1þ RLC0
(4)

The Freundlich isotherm model can be calculated
according to Eq. (5) (Freundlich, 1907):
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lnqe ¼ lnKF þ
1

n
lnCe, (5)

where KF is a constant describing the adsorption capacity
(L/g) and n represents an empirical parameter related to the
adsorption intensity.
The D–R isotherm model can be calculated according to

Eqs. (6) and (7) (Dubinin and Radushkevich, 1947):

lnqe ¼ lnqDR –KDRε2, (6)

ε ¼ RT ln 1þ 1

Ce

� �
, (7)

where KDR is D–R isotherm constant which describes the
adsorption energy (mol2/Kj2), qDR represents the D–R
adsorption capacity of an adsorbent (mg/g), ε is called
Polanyi potential, T is the temperature (K), and R is the
constant of ideal gas (8.314 J/mol K).
The magnitude of E, energy of P ion adsorption by

prepared adsorbent, is a beneficial parameter to evaluate
the type of the removal process and can be explained as Eq.
(8) (Sivakumar and Palanisamy, 2009):

E ¼ 1

ð2KDRÞ0:5
: (8)

The P adsorption kinetic data were fitted into the
pseudo-first-order, pseudo-second-order, Elovich, intra-
particle diffusion and particle diffusion models. The
linearized forms of these models are as follows, respec-
tively:

logðqe – qtÞ ¼ logqe –
K1

2:303

� �
t, (9)

t

qt
¼ 1

K2q
2
e
þ 1

qe

� �
t, (10)

qt ¼
1

β
lnðαβÞ þ 1

β
lnt, (11)

qt ¼ K intt
1=2 þ C, (12)

ln 1 –
qt
qe

� �
¼ –Kpt, (13)

where K1 and K2 are the rate constant for pseudo-first and-
second order (L/min), (g/mg min), respectively; α and β
represent the Elovich equation constants; Kint is the
diffusion of the intraparticle coefficient (mg/g min0.5) and
Kp shows the particle rate constant (min–1).

2.6 Thermodynamics studies

To evaluate the adsorption process in terms of being
exothermic or endothermic and spontaneous or non-
thermodynamic, variables such as changes in entropy,

enthalpy and Gibbs free energy of the adsorption were
determined from experimental data by the Equations
below:

ΔG ¼ –RT lnKd, (14)

lnKd ¼
qe
Ce

� Cs, (15)

lnKd ¼
ΔS

R
–
ΔH

RT
, (16)

where DG (kJ/mol), DS (kJ/mol/K) and DH (kJ/mol) are
differences in the free energy, entropy, and enthalpy while
Kd and Cs are equilibrium constant and solvent concentra-
tion, respectively.

2.7 Experimental design and central composite design
(CCD)

RSM is definitely an effective strategy in designing,
modeling, and optimizing conditions in a multivariable
system (Karimifard and Alavi Moghaddam, 2018). In the
present study, the five-level CCD, which is the most
common form of RSM, was utilized for optimizing the
adsorption process. Specifically, to analyze the effect of the
operating parameters on the removal efficiency of P
species, three influential factors were selected: contact
time, initial pH, and initial P concentration. This system
was designed Design Expert software version 10.0.7.0 in
eight factorial points (2n), six axial points (2n), and six
central points (nc), totally run in 20 obtained experiments
by the following equation:

N ¼ 2ðnÞ þ 2nþ nc: (17)

Based on the experimental range obtained, the levels of
independent variables for P uptake are presented in Table
S1 and S2 (in the supporting information file).
The results obtained from experiments were examined

for the removal rate of P ions by VB800@D-20
nanocomposite, with each response correlated with the
closest computed second-order polynomial model (Aksu
and Gönen, 2006; Anbia and Rahimi, 2017):

Y ¼ β0 þ Σn
i¼1βiX i þ Σn

i¼1βiiX
2
i þ Σn

i¼1Σ
n – 1
j¼1 βijX iX j, (18)

where Y is the predicted response; βi, β0, βii and βij
represent the linear coefficients, constant coefficient,
quadratic coefficient and interaction coefficients, respec-
tively.

2.8 Performance of biochar as P fertilizer

This study tried to develop a new adsorbent medium
trapping dissolved P to recover it as a phosphorus fertilizer.
To assess such performance and possibility, two evalua-
tions were performed.
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The first was a “release test” described in a previous
study (Chen et al., 2014). Briefly, VB800@D-20 after P
ion adsorption (VB800@D-20/P) was collected from the
solution and dried in an oven at 100°C for 12 h. To analyze
the release capability, VB800@D-20/P was added to 20 ml
DI and shaken for 12 h at 3 pH levels 5, 6, and 7 with a
magnetic stirrer. By filtering the biochar after the
mentioned period, phosphate released to DI was deter-
mined. This capability, as reported by the mentioned study,
is considered as the P-loaded biochar potential to use as a
new source of P-fertilizer.
The second evaluation was done using VB800@D-20/P,

as an alternative phosphate fertilizer in a pot experiment
detailed in (Li et al., 2018a) which could be summarized as
follows: planting 10 Setaria viridis (green foxtail) seeds in
2 pots with 800 g of the same soil type- collected from
university greenhouse ground (at maximum depth of 25
cm), sieved for better uniformity and air-dried by
expanding in flat area. In the first pot, 4.0 g of P-loaded
biochar was mixed with the soil, while the second pot was
kept as control to reflect the difference.
The pots were stored in a greenhouse with recorded

temperature (19°C–22°C) and humidity (55%–65%). After
30 days, above soil surface heights and dry masses of
Setaria viridis were measured and reported. To measure
the dry weight, based on work of Creech et al., the
harvested plants were kept in oven for 2 days at 60°C
(Creech et al., 2004). The above procedure was done three
times and the average values were reported.

3 Results and discussion

3.1 Prepared VB samples characterization

3.1.1 XRD analysis

The XRD spectra of VB samples and P adsorption on

VB800@D-20 are shown in Fig. 1(a). The VB800@D
nanocomposites showed peaks corresponding to VB800
and dolomite. Accordingly, the peak intensity of
VB800@D was stronger than that of pure VB800. In the
VB800@D spectrum, the peaks at 2Ɵ = 18 °, 34°, 37° and
54.07° were ascribed to CaO and the two strong peaks at
2Ɵ = 43° and 62° were identified as MgO.
After P uptake on VB800@D-20, the intensity of the

characteristic diffraction peak diminished, which can be
ascribed to a reasonably strong binding of P ions to
VB800@D-20, and more particularly, the metal oxides
sites on VB800@D-20 (Chen et al., 2016).

3.1.2 FT-IR study

FT-IR spectra, identifying the functional groups in the
compound, are shown in Fig. 1(b) for all prepared
carbonous materials, both vinasse biochars and the
modifies ones. The absorption peaks at 3400 cm–1,
1600 cm–1, 1410 cm–1, 850–920 cm–1, and 400–900 cm–1

of VB samples were constant and intensified upon
pyrolysis temperature elevation. The presence of C = O,
C = C, –COOH, CH3O, and enhanced Mg–O and O–Mg–
O were observed in VB samples. The absorption peaks at
3400 cm–1 increased with raising the pyrolysis temperature
demonstrating the greater presence of C = O and C = C. As
described in a previous study, during the pyrolysis over
400-450°C, poly-condensed aromatic carbon-type com-
pounds could be shaped. The functional groups in the
synthesized VB samples include methoxyl, carbonyl,
carboxyl and hydroxyl which contributed to the adsorp-
tion.

FT-IR analysis performed on the VB800@D-20/P is
also presented in Fig. 1(b). No significant differences were
detected in the IR spectra, indicating similar functional
groups as VB800@D-20 bands. The FTIR spectrum of P
adsorbed VB800@D-20 showed new peak at 576 cm–1.
This is probably due to the bending vibration of O–P–O in

Fig. 1 (a) XRD patterns and (b) FT-IR spectra of the prepared VB samples.
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PO3 –
4 ionic groups. Further, a significantly increased band

at 1055 cm–1 was related to the conventional features of the
asymmetric stretch vibration of P–O.

3.1.3 SEM and EDX images

Fig. 2 displays the SEM-EDX micrograph of unmodified
and modified VB samples. The surface morphology of VB
samples indicated that the pyrolysis process was able to
transform the liquid waste vinasse to the quasi-spherical
carbonaceous materials. As shown in Fig. 2, the VB
sample has a quasi-spherical shape with average diameters
of approximately 10-50 nm. The surface of the VB samples
appeared very similar as no major morphological differ-
ences could be seen.
According to the SEM image VB800@D nanocompo-

sites, it was observed that the VB800@D possessed a
compact and imperforate surface. As the dolomite content
increased to 30 wt.%, the adsorbent particles agglomer-
ated, indicating that a significant amount of dolomite fills
in the space between the small carbon particles causing the
pronounced agglomeration.
The EDX spectrum of the adsorbent surface also showed

many elements detected in the elemental analysis. C, O, K,
Mg and Ca were found in VB800@D nanocomposites as
they are the major components of VB and dolomite. The
SEM image of VB800@D-20 along with EDX spectra are
also depicted in Fig. 2. Observations under SEM showed
that the morphology and size of VB800@D-20 after
loading the P ions remained almost intact.
The EDX analysis of VB800@D-20 after adsorption

showed that P ions have been adsorbed successfully onto
the VB800@D-20. This clearly confirmed the incorpora-
tion of P species into the VB800@D-20 matrix. The
VB800@D-20/P had a remarkably high level of Mg, Ca
and P. These results suggest that the VB800@D-20/P,
when used in soils, may provide a more concentrated
supply of nutrients to crops.

3.1.4 XRF analysis

The elemental composition of the as-synthesized materials
is reported in Table 1. The main components of the
prepared carbonous materials were organic matter in the
form of organic acids and cations such as Ca, Mg and K.
As presented in Table 1, the Ca and Mg contents in the VB
samples considerably increased with the temperature rise
of the pyrolysis. In order to check the dolomite effect on
VB characteristics, the percentages of elemental composi-
tions were also monitored. According to Table 1, an
increase in the dolomite percentage from 10% to 30%
induced a rise in the Ca and Mg contents. The presence of
P in XRF analysis of VB800@D-20/P nanocomposite
confirmed the adsorption of P ions.

3.1.5 N2 adsorption-desorption isotherms analysis

Specific surface area is a remarkable factor which controls
the performance of adsorption removal. The N2 adsorption/
desorption isotherms of VB samples at 77 K before and
after modification were measured to evaluate their average
pore size, total pore volume (Vtotal) and specific surface
area (SBET). Table 2 provides the textural characteristics of
VB400, VB600, VB800, VB800@D-10, VB800@D-20,
VB800@D-30 and VB800@D-20/P. The table indicates
that the SBET of VB-carbonous materials increased with
synthesis temperature elevation. As the pyrolysis tempera-
ture rose (up to 800 °C), the removal of volatile organic
compounds could occur more easily causing a significant
increase in the porous structures of the as-prepared VB
samples.
Based on Table 2, all the VB materials have an average

pore diameter lower than 2 nm (< 2 nm), indicating the
presence of micropores.
The results of VB800@D nanocomposites revealed that

the compositing procedure has reduced the properties of
VB800 texture. After the hybrid process, the dolomite was
blocked in the pores and interlayers of VB800, inhibiting
the N2 molecules adsorption. As shown in Table 2, the
porosity of dolomite modified carbons decreased when the
mass ratio of dolomite to nanoporous carbons increased.

3.2 Seletion of suitable prepared adsorbents for the
adsorption of P ions

The removal efficacy of biochar-based materials for
different pollutions depends on its chemical and physical
properties, which are significantly affected by the feed-
stocks, pyrolysis conditions (pyrolysis temperature, resi-
dual time, etc.) and technologies. Fig. 3 demonstrates the
qe trend versus equilibrium concentrations of P ions in the
solution for unmodified and modified VB. The prepared
adsorbents all revealed improved P adsorption with the rise
of initial concentrations of P solutions and gradually
reached saturation. The order of adsorption in terms of the
amount adsorbed on the adsorbents is: VB800@D-
20>VB800@D-30>VB800@D-10>VB800>VB600>
VB400. The VB prepared at 400 °C showed a sorption
capacity of 79 mg/g, a capacity which improved to about
85 mg/g for VB prepared at 600 °C and up to 96 mg/g for
VB prepared at 800 °C. The observed enhanced perfor-
mances from VB400 to VB800 can be ascribed to the
changes occurring in the texture and surface area of VB
samples during pyrolysis. With the heating temperature
increase, the carbon content declined while the Mg and Ca
contents increased in VB samples.
The results of adsorption experiments showed that

phosphate adsorption mechanisms on metal oxides-
modified biochars mainly include precipitation and
electrostatic interactions with the infused metal oxides on
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the surface and the formation of inner-sphere complexes
with metal oxide on the surface.
Metal oxides have attracted extensive scientific interest

for the remediation of anionic contamination (Manning
and Goldberg, 1996). Metal oxide surfaces such as MgO
and CaO become hydroxylated when they come into
contact with water, inducing either a negative or positive
charge depending on the pH of the solution. As known,
phosphate acid () undergoes dissociation at different pHs,
yielding different anionic species. The and forms of P
prevail in the solution in the initial of the adsorption

process, especially when the solution pH ranges between
3.00 and 9.00. Hence, the P anionic species could be
removed from the solution owing to electrostatic interac-
tion with protonated MOH+ (M = Ca and Mg) on the
surface of VB samples.
In aqueous media, most of the metal oxide was

converted to metal hydroxide and complex compounds.
As pH increased during the reaction, the affinity of the
metal oxides on the VB surface to precipitate with P anions
would be significantly enhanced, leading to M(OH)2
precipitation and formation of M-P complexes.

Fig. 2 SEM images and EDX spectra of prepared VB samples.
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It is also important to note that VB800 possesses a good
adsorption capacity compared to VB600 and VB400
because of its higher specific surface area and small size
and thus better capacity for P ions. Many studies have
reported that the surface area and particle size of biochar-
based adsorbents could make positive contributions to their
performance (Takaya et al., 2016a). An increase of
pyrolysis heat resulted in a significant increase in the
specific surface area.
As can be seen in Fig. 3, the modified-VB800 exhibits a

larger adsorption capacity than unmodified-VB800. Mod-
ification of VB800 with dolomite improved their adsorp-
tion capacities towards P ions.
The pre-treatment of dolomite, calcination at 1200 °C,

had significant effects on P adsorption ability of dolomite
(Salameh et al., 2015). The thermal decomposition
behavior of dolomite was studied by a system including
several of step reactions (Stefaniak et al., 2002). The
disintegration of dolomite happens in two steps and could
occur via either dissociation into magnesium carbonate
(MgCO3) and calcium carbonate (CaCO3), followed by the
disintegration of MgCO3, or the dolomite skeleton
degradation to the oxide combinations followed by re-
formation of CaCO3 by CaO re-carbonation.
The heating decomposition of dolomite is usually

written as (Aparicio et al., 2017):

CaMgðCO3Þ2 ¼ MgOþ CaCO3 þ CO2 (19)

CaCO3 ¼ CaOþ CO2 (20)

VB800@D-20 has a higher removal efficiency than
VB800@D-10, because of increased active sites (metal
oxides) causing in a high electrostatic interaction between
the surface and P ions. As the dolomite further increased to
30 wt.%, a slight decline of BET surface area from 119.11
m2/g to 85.27 m2/g led to lowered P adsorption.
Among all the VB-samples produced in this work, the

VB800@D-20 had the highest P adsorption which was
then selected for further investigations.

3.3 Optimization of adsorption conditions using RSM
approach

The second-order polynomial response equation was
suggested to correlate independent and dependent vari-
ables, which can be explained by the following equation:

qe ¼ þ111:57þ 8:62Aþ 10:21B

þ 8:93C – 1:90AB – 0:095AC

þ 1:56BC – 51:43A2 – 6:82B2 – 11:42C2 (21)

where, qe = equilibrium capacity of P adsorption (mg/g), A
= pH, B = initial concentration of P (mg/L) and C = time

Table 1 Elemental composition of the prepared VB samples

Adsorbents
SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
CaO
(%)

Na2O
(%)

MgO
(%)

K2O
(%)

TiO2

(%)
MnO
(%)

P2O5

(%)
LOI
(%)

Cl
(%)

SO3

(%)

VB400 N N 0.17 7.03 6.47 2.96 25.16 0.029 0.031 0.018 47.04 4.15 6.74

VB600 N N 0.18 9.32 6.33 5.11 24.03 0.033 0.025 0.023 44.3 4.04 6.25

VB800 N N 0.16 17.85 5.54 8.89 18.91 0.03 0.033 0.017 39.2 4 5

VB800@D-10 N N 0.348 23.02 3.11 15.22 17.87 0.018 0.023 0.011 36.11 3 0.5

VB800@D-20 N N 0.011 27.08 1.95 18.22 17.04 0.017 0.011 0.008 30.77 3.4 1.1

VB800@D-30 N N 0.014 30.79 1.05 22.56 16.134 0.022 0.027 0.002 25.34 2.8 0.9

VB800@D-20/P N 0.06 0.289 26.264 1.151 19.13 17.58 0.019 0.021 9.577 25.74 N N

Table 2 Textural parameters of the prepared VB samples employed in
this study

Adsorbents
S BET
(m2/g)

V total
(cm3/g)

Average pore size
(nm)

VB400 61.3 0.07 1.1

VB600 84.69 0.15 1.25

VB800 128.21 0.32 1.65

VB800@D-10 119.11 0.28 1.45

VB800@D-20 107.45 0.25 1.32

VB800@D-30 85.27 0.22 1.16

Fig. 3 Isotherm study for P ion adsorption on the prepared VB
samples (reaction time = 90 min, applied VBs = 500 mg/L, pH =
7).
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(min). The analysis of variance (ANOVA) for the P uptake
has been summarized in Table S3 (in the supporting
information file). An F-value (mean square for model/
mean square for the residual) of 454.40 with a low
probability value (p< 0.0001) indicated a high signifi-
cance for the regression model. There was only a 0.01%
chance that the model F-value could occur because of
noise. The signal to noise ratio was analyzed with adequate
precision, with the proper range being >4. In this model,
the adequate precision of 59.25 revealed a proportional
signal which is often applied to navigate the design space.
The summary statistics shows that the pred R2 of 0.9779

and adj R2 of 0.9954 were in reasonable agreement with
each other. Thus, all of these statistical models revealed
that the developed quadratic model was proper for
representing the data and able to provide an excellent
description of the relationship between the response and
process variables.
The effects of operating variables on the adsorption

capacity of P from aqueous media by VB800@D-20 are
illustrated by the 3D response surfaces in Fig. 4. The
maximum P removal occurred when experimental condi-
tions were set at 250 (mg/L) of P concentration, pH 7 and
contact time 90 (min).

3.3.1 Effect of solution pH

To optimize the experimental conditions of P sorption onto
VB800@D-20, the adsorption studies were done at five
various initial pH levels. As known, P can exist in different
ionic species, H3PO4, H2PO

–
4 , and PO3 –

4 , depending on
the solution pH with the pKa1, pKa2, and pKa3 for H3PO4
being 2.2, 7.2, and 12.4, respectively (Chen et al., 2016).
The changes of P adsorption by VB800@D-20 against pH
are shown in Fig. 4. The P removal of the prepared
nanocomposite increased as pH rose within 3.00–6.00,
reaching the maximum adsorption within the pH range
6.00–9.00 and then declining as pH increased from 9.00 to
11.00. P species exist in neutral form (H3PO4) at pH 2, thus
the lower uptake ability may be because of the lack of
electrostatic forces. At pH between 5 and 7, the P is excited
as anionic species (H2PO

–
4 and HPO2 –

4 ) while due to the
protonation, the adsorbent surface was positively charged.
Thus, the anionic P species were attached to the
VB800@D-20 via electrostatic attraction between P anions
and the positive charges on the surface. At pH > 9.0, the
reduction in uptake was because of the competition of OH–

ions with the P species (PO3 –
4 ).

3.3.2 Effect of initial concentration and adsorption isotherm

As observed in Fig. 4(a), upon elevation of the P
concentration at the beginning of the tests, its adsorption
onto VB800@D-20 nanocomposite was enhanced, and the
equilibrium curves displayed a slow ascending trend when

the concentration of P ion was about 250 mg/L. This
further suggests that the mass transfer force of P ions
between the solution and VB800@D-20 improved with the
increase in the initial concentration. The adsorption
isotherm of VB800@D-20 was measured to evaluate its
P adsorption performance based on P concentration with
the fitting conditions and parameters for D-R, Freundlich,
Langmuir, and models listed Table S4.

According to the data listed in Table S4, it is also seen
that the Langmuir isotherm could model the experimental
data better than the others with the highest correlation
coefficients (R2). Thus, the adsorption is more likely to
occur on a monolayer surface, and there is no considerable
interaction between the adsorbed components. Further, the
RL value of Langmuir for studied P anions has fallen

Fig. 4 Combined effects of (a) P concentration and pH and
(b) reaction time and pH on the equilibrium capacity of adsorption.
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within the range of 0–1, indicating that the adsorption
process was favorable. This result is also confirmed by the
“n” parameter of the Freundlich model being within the
range of 1–10. The Freundlich exponent n value was
estimated to 1.72. The E values from D-R isotherm model
have been larger than 8 kJ/mol (~10.66 kJ/mol),
demonstrating the chemisorption of the process.
Since the qm is a significant variable to optimize the

process of adsorbing pollutants, a comparison was made in
Table 3 between qm of VB800@D-20 in P ion removal
with the other adsorbents of previous studies. According to
this table, VB800@D-20 could be considered as an
attractive and promising material for nutrients and in
particular P recovery from aqueous media.

3.3.3 Effect of contact time and adsorption kinetics

The amount of adsorbed P increased rapidly in the initial
stage of the P adsorption reaction, probably due to the
presence of huge vacant active sites on the VB800@D-20
nanocomposite surface (Fig. 4(b)). However, the adsorp-
tion rate became slower in response to diminished vacant
active sites with adsorption time.
To investigate the kinetics of adsorption of P ions on

VB800@D-20, five models have been considered, i.e.
pseudo-first-order, pseudo-second-order, Elovich, intra-
particle diffusion and particle diffusion models.
The different parameters as well as the corresponding R2

of five kinetic models are listed in Table 4. Based on the
data reported in Table 4, it is also observed that the P
adsorption on VB800@D-20 was better described by the
pseudo-second-order kinetic model with the greatest R2

among the five models. The adsorption mechanism best
matched the pseudo-second-order model suggesting that
the process is mainly controlled by chemisorption. This
indicates that P adsorption onto the VB800@D-20
involves valency forces via exchanging or sharing
electrons between VB800@D-20 and P ions.

3.4 Effect of temperature and thermodynamic study

The P ions removal by VB800@D-20 nanocomposite was
affected by the experimental temperature with these
variations displayed in Table 4. According to this table,
with the increase in the temperature from 298 K to 348 K,
the amount of P adsorbed onto the prepared nanocompo-
site decreased from 118 to 99 mg/g. The reduced removal
of P ions during this process could be attributed to the
accelerated desorption from the surface occurring at higher
temperatures causing the increased tendency of the P
species to escape from the VB800@D-20 surface to the
solution phase; thus, the amount of P ions adsorbed
declined.
The thermodynamic parameters and the correlation

coefficients (R2) are presented in Table 4. DGs were
negative at three temperature stages revealing the sponta-
neous and favorable nature of P adsorption onto
VB800@D-20. Further, DG dropped from about – 20 to
– 23 kJ/mol due to temperature increment from 298 K to
348 K, representing the augmented spontaneity at higher
temperatures. The DH became negative indicating the P
adsorption onto VB800@D-20 has an exothermic nature.
The DS value was positive implying increased randomness
during the ongoing process and accordingly a good affinity

Table 3 P uptakes onto various adsorbents.

Adsorbents qm (mg/g) References

Mg-enriched tomato tissues 116.60 Yao et al. (2013)

Ca–Mg loaded biochar 326.62 Fang et al. (2015)

MgO-impregnated magnetic biochar 121.25 Li et al. (2016b)

CaO-MgO Carbon hybrid composite 207.79 Li et al. (2018a)

Mg/Al-LDHs biochar 81.83 Li et al. 2016a)

biochar calcium-alginate beads 214.20 Jung et al. (2017)

La2O3 grafted oak biochar 142.70 Wang et al. (2015)

Laminaria japonica-derived biochar 132.39 Jung et al. (2016)

Laminaria japonica-derived biochar (LB)-calcium alginate beads 126.71 Jung et al. (2016)

Magnesium hydroxide modified Diatomite 45.70 Mitrogiannis et al. (2017)

Calcium-rich biochar 147.05 Antunes et al. (2018)

Calcium decorated sludge carbon 116.82 Kong et al. (2018)

Mg oak biochar (in situ) 64.60 Takaya et al. (2016b)

Mg GHW biochar (in situ) 65.10 Takaya et al. (2016b)

Fe–Mn binary oxide 36.00 Rodrigues and da Silva (2010)

VB800@D-20 178.57 This study
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of P with the adsorbent. A similar result has been reported
for P uptake on Mg-Al hydrotalcite-loaded kaolin (Deng
and Shi, 2015).

3.5 Co-existing anions

The influence of commonly present anions such as nitrate
(NO –

3 ), chloride (Cl – ), sulfate (SO2 –
4 ), and carbonate

(CO2 –
3 ) on P removal by VB800@D-20 was studied with

the corresponding result demonstrated in Fig. S1. Speci-
fically, 0.01 g of VB800@D-20 at pH 7 was added to a
20 mL of solution with 250 mg/L of P and 250 mg/L of the
specific anion on each co-existing anion experiment and
stirred for 90 min. Based on Fig. S1, the P uptake
decreased slightly with co-presence of Cl – and NO –

3 while
it dropped significantly in the co-presence of CO2 –

3 and
SO2 –

4 . Note that some anions would compete with P to
grab the active vacancies and some would increase the
repulsive forces. Indeed, multivalent anions are adsorbed
more easily than monovalent anions. The favorable
performance of the VB800@D-20 nanocomposite on the
tolerance of co-existing anions suggested that the prepared
nanocomposite possessed highly selective adsorption
towards P, thus offering a great potential in wastewater
treatment.

3.6 Desorption and reusability

Desorption studies were conducted using P-adsorbed
VB800@D-20 at different HCl concentrations (0.1–
2.0 M). It was found that ~79.0%, ~87.0%, ~94.0%, and
~94.0% P oxyanions were released in 0.1 M HCl, 0.5 M
HCl, 1.0 M HCl, and 2.0 M HCl solutions, respectively.
Based on obtained results, the amount of the desorbed P
increased with raising the HCl concentration. Further
enhancement of HCl concentration to 2.0 M, however, did
not show obvious increase in the P release. According to
these observations, 1.0 M was selected as a suitable value
for the desorption of P ions in this study. The regenerated
VB800@D-20 was washed with deionized water five times
before the next cycle of adsorption and desorption. This
procedure was repeated for five cycles determining spent
adsorbent reclaimability and the corresponding results are
presented in Fig. S2. In the previous three cycles, the
adsorbed P could be extracted by the 1.0 M HCl solution
and there was a negligible change in the adsorption
capacity of VB800@D-20. After five subsequent recycles,
the amount of adsorbed P on VB800@D-20 slightly
decreased to ~84% of the original value, implying that part
of the active sites was lost. The results obtained indicate
that, after the recovery of adsorbed P ions, the regenerated

Table 4 Adsorption kinetic and thermodynamic parameters for P adsorption on VB800@D-20.

Model Parameter Unit Value

Pseudo-first-order K1 L/min 0.0376

qe mg/g 136.03

R2 0.9821

Pseudo-second-order K2 g/mg/min 0.00015

qe mg/g 166.66

R2 0.9994

Elovich β 0.0254

α 1.146

R2 0.9987

Intra-particle diffusion Kint g/mg/min0.5 0.0751

R2 0.9923

Particle diffusion Kp min–1 0.0376

R2 0.9821

Thermodynamic parameters T K 298 323 348

qe mg/g 118 106 99

ΔG kJ/mol –20.03 –21.39 –22.75

ΔH kJ/mol –3.86

ΔS kJ/mol/K 0.0542

R2 0.9992
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VB800@D-20 nanocomposite could be reused for the
efficient P recovery from the aqueous solution.

3.7 Nanocomposite biochar P-loaded reuse as a P-fertilizer

As described in section 2.6, the potential of P- loaded
biochar to be used as a substitute to P-fertilizer was
assessed by the release rate and assessment of its effect on
the plant growth. As adsorption was a pH-sensitive
process, desorption of phosphate is also a function of
pH. The release rate in DI water at different pH has been as
illustrated in Fig. 5(a). As the adsorption showed better
efficiency on neutral and alkaline conditions, it was not
surprising that desorption would occur in an acidic
solution. It was mentioned in previous studies that the
recovered phosphorus in the presence of Mg and Ca, is
released in acidic condition or adsorbed P on biochar is a
proper fertilizer in acidic soil (Fang et al., 2015; Kataki
et al., 2016).
Another assessment for better understanding the effect

of using the P-loaded nanocomposite biochar as a

substitution for phosphorus fertilizer was a pot experiment,
described previously, comparing its effect on the plant
growth. As shown in Fig. 5(b), P-loaded biochar could
effectively play an important role in plant height and
biomass weight. It increased the dry weight of biomass by
67% and the above soil height by 49% (Table S5).
This study indicated that vinasse-dolomite nanocompo-

site biochar was first able to remove phosphate, and could
also be used as a phosphorus fertilizer alternative and
deliver its adsorbed phosphate as a bio-available element
during plant growth.

4 Conclusions

In the present work, biochars were produced from vinasse
through pyrolysis at different temperatures. With the rise of
the pyrolysis temperature from 400°C to 800°C, the VB
samples revealed a gradual rise in the amount of P removal.
The VB-dolomite nanocomposites were fabricated by a
facile method and employed as a highly suitable adsorbent

Fig. 5 VB800@D-20/P release test in DI (a) and effect on Setaria viridis (b).
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for adsorbing P. The structure, morphology, and surface
properties of the synthesized VB samples were character-
ized by XRD, FT-IR, XRF, SEM-EDX and N2 adsorption/
desorption. VB800@D-20 showed higher adsorption
capacity toward P ion compared to the other prepared
adsorbents in the adsorption experiment data. The
experimental design was performed using the RSM
based on CCD reducing the repetition of experiments,
and to obtain the optimum values for VB800@D-20 as the
selected adsorbent. The optimal operational parameters
were obtained as 250 (mg/L) of P concentration with 90
min as reaction time at pH 7. The adsorption capacity of
VB800@D-20 toward P ion diminished with temperature
rise from 298 K to 348 K. The thermodynamic study data
indicated that the removal process has an exothermic and
spontaneous nature. The data from isotherm study well
matched the Langmuir model than the D-R or the
Freundlich models, suggesting that the adsorption may
be monolayer. A qmax of 178.57 mg/g at 298 K was
achieved according to the Langmuir model. Application of
different adsorption kinetic models to obtain the adsorption
kinetics of P onto VB800@D-20 revealed that the second-
order model could explain the experimental data better
than others. The overall adsorption tendency of the
synthesized VB800@D-20 nanocomposite toward P in
the presence of NO –

3 , Cl – , SO2 –
4 and CO2 –

3 under
competitive conditions, followed the order: NO –

3 >Cl –

>SO2 –
4 >CO2 –

3 . Desorption experiments proved that the P
species are more readily released when being subject to
HCl 1.0 M. The P adsorption capacity after five
adsorption–desorption cycles demonstrated the high
potential of VB800@D-20 for P adsorption in fifth cycles
without notable adsorption capacity reduction in compar-
ison with the first cycle. The VB800@D-20 nanocompo-
site is an efficient adsorbent for P ion removal, further
being potential of a P fertilizer.

Electronic Supplementary Material Supplementary material is available
in the online version of this article at https://doi.org/10.1007/s11783-020-
1249-6 and is accessible for authorized users.
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