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Enhanced phosphate adsorption on Ca-Mg-loaded biochar
derived from tobacco stems
Man Yi and Yucheng Chen

ABSTRACT
Tobacco stems were used as precursors to prepare biochars (YGs) and develop Ca-Mg-loaded
biochars (CMYGs) to enhance phosphate adsorption from aqueous solutions. Some inﬂuencing
factors, such as pH, adsorption time, temperature, and structure characterization, were investigated.
Fourier transform infrared (FTIR) spectra and X-ray diffraction (XRD) patterns showed several new
peaks, indicating that Mg(OH)2 and MgO have been present on the surface of the CMYGs.
The adsorption could reach equilibrium in 100 min reaction. The equilibrium data were well
described by the Langmuir and Freundlich model. After ﬁve recycles, the phosphate removal
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capacity of CMYGs biochar retained over 50%. Moreover, the XRD and FTIR analyses showed that
the phosphate sorption mechanisms involved surface electrostatic attraction, inner-sphere
complexation and precipitation reactions. Overall, the soaking method could be used to effectively
load Mg2þ onto the surface of YGs. The CMYGs synthesized at 750  C is a promising adsorbent for
phosphate removal with a high adsorption capacity for phosphate-polluted wastewater.
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INTRODUCTION
Phosphate (P) compounds, as the basic components of
plant and animal proteins, are essential nutrients for all
organisms (Cordell et al. ; Elser & Bennett ).
However, phosphate is also the main limiting factor
to lake eutrophication. Phosphate concentrations below
0.02 mg/L can lead to uncontrolled growth of organisms,
especially algae. Such uncontrolled growth can cause
reductions in water oxygen content and the production of
toxins, particularly in shallow lakes, estuarine and coastal
marine regions, leading to ﬁsh deaths and harm to aquatic
ecosystems (Li et al. b). In addition, the natural recovery
of phosphate is inefﬁcient because phosphate is converted
into sedimentation over time and then released into the
water again (Loganathan et al. ; Qiu et al. ).
Hence, highly effective methods to remove phosphate
from wastewater are needed. To date, physical, chemical,
and biological puriﬁcation and adsorption methods have
been widely used in wastewater treatment to minimize
phosphate ion concentrations (Fox et al. ; Melia et al.
). Among these methods, adsorption is a low-cost and
high-efﬁciency method (Li et al. ) and has been widely
doi: 10.2166/wst.2019.001
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considered for phosphate removal from wastewater ( Jung
& Ahn ; He et al. ; Yang et al. ).
Recently, biochar has been used as a potential adsorbent
for pollutant recovery due to its beneﬁcial properties
including low cost, environmental friendliness, excellent
stability, general safety and high porosity (Guo et al. ;
Hou et al. ). As a result, research has focused on the
application of biochar for phosphate recovery because of
its strong sorption afﬁnities and low material cost (Li et al.
b; Li et al. ).
However, the surfaces of biochars are predominantly
net negatively charged, which confers them only negligible
ability to absorb anionic pollutants (Li et al. b). To
improve the phosphate adsorption performance of biochar,
cation-modiﬁed biochar has recently been developed
(Zhou et al. ; Wan et al. ). Previous studies have
developed new functional materials by loading cations,
such as Fe-modiﬁed wheat straw (Zhou et al. ),
Bi-modiﬁed cottonwood (Zhu et al. ), and Al-treated
biochar (Zhang & Gao ), which have yielded phosphate
removal percentages in the range of 84.65–99.3%. However,
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the feasibility of these cation-modiﬁcation methods is
strongly controlled by the cost of the metal salts and their
environmental friendliness. Johnston and Rittmann (Rittmann et al. ) pointed out that aluminum and iron were
toxic to the environment. Calcium and magnesium can be
used as metal sources with many beneﬁts because they are
involved in chlorophyll formation in plants and are environmentally friendly; in addition, the metal salts are easily
obtained in nature, and their alkaline character can neutralize acids and provide a suitable pH range for nutrient
recovery (Zhang et al. ; Fang et al. ; Li et al. ).
For instance, Li et al. () prepared mesoporous MgOmodiﬁed sugarcane residue biochar with a maximum
removal capacity of 398 mg/g for phosphate in swine wastewater (Li et al. ), and Yin & Kong () used a calciumrich attapulgite adsorbent for phosphate adsorption (Yin &
Kong ). They had achieved high phosphorus removal
rates, adopting calcium or magnesium modiﬁcation individually. However, there were few studies about the
adsorbent combined modiﬁcation of calcium and magnesium. In addition, it is still unclear that whether a
synergistic effect on phosphate adsorption exists between
calcium and magnesium in the synthetic Ca-Mg-loaded
biochar. Therefore, it is of great signiﬁcance to investigate
Ca-Mg-loaded biochar for phosphate recovery.
This research aimed to develop an inexpensive and
efﬁcient adsorbent for phosphate recovery. Firstly, biochar
derived from tobacco stems was modiﬁed with calcium
and magnesium. Then, the basic physicochemical properties
of tobacco stem biochar (YGs) and Ca-Mg-loaded biochar
(CMYGs) were characterized, and their phosphate removal
efﬁciencies were compared. Lastly, the underlying mechanism was discussed.

MATERIALS AND METHODS
Materials
The tobacco stems used in this study were obtained from the
tobacco-growing area in Banan District of Chongqing,
China. The fresh tobacco stems were washed with deionized
water to remove dirt and air-dried at room temperature for
1 week. Then, they were cut into 1–5 cm pieces, washed
several times with tap water, dried in a furnace at 338 K
for 24 h, and sealed in a container before use.
The phosphate stock solution was prepared by dissolving potassium dihydrogen orthophosphate (KH2PO4)
powder in deionized water, and the desired solutions were
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prepared by diluting the phosphate stock solution. All of
the chemical reagents used in the study were of analytical
grade.
Biochar preparation and modiﬁcation
The prepared tobacco stems were pyrolyzed at 350  C,
550  C, or 750  C in a high-purity nitrogen gas (99.999%,
limited oxygen) ﬂow at 300 mL/min for 4 h in a furnace
(GF11Q-B, Nanjing, China) with a heating rate of 5  C/min.
After cooling to ambient temperature, the pyrolyzed samples
were crushed and sieved to obtain the desired particle size
(40–80 mesh) using a ﬁne-mesh mill (C-800Y, Zhejiang,
China). Finally, the obtained biochar was washed with tap
water until the pH level stabilized, dried in a vacuum oven
at 358 K for 24 h and bottled (denoted YGs, s ¼ 350, 550,
and 750).
The CMYGs were generated through a pyrolysis and
impregnation process. In this experiment, 10 g obtained
biochar samples (YG350, YG550, or YG750) was dipped
in 800 mL mixed solution, containing 400 mL CaCl2
(2 mol/L) and 400 mL MgCl2 (3 mol/L), which were then
shaken at 180 rpm and 298 K for 24 h. After the reaction,
the samples were washed with distilled water until the pH
level stabilized, dried in a vacuum oven at 358 K for 24 h
and stored in a tightly closed screw cap bottle (denoted
CMYGs, s ¼ 350, 550, and 750).
Test methods
Effect of the solution pH
To determine the effect of pH on the adsorption of YGs/
CMYGs to phosphate, 1 g of YGs or CMYGs was weighted
into 80 mL phosphate solution (50 mg/L), which were then
shaken at 180 rpm (303 ± 0.5 K) for 24 h. The pH values
(4–10) of the solutions were adjusted using a 0.1 mol/L
HCl or 0.1 mol/L NaOH solution. Finally, the supernatants
were ﬁltered through a 0.45 μm cellulose acetate membrane,
and the phosphate concentrations were determined by the
standard method.
Dynamic characteristics
In this experiment, 1 g of YGs or CMYGs was added to
80 mL phosphate solution (50 mg/L), which were then
shaken at 180 rpm (303 ± 0.5 K) for 24 h. The supernatant
was collected at different time intervals. At speciﬁed time
intervals (1, 3, 5, 10, 15, 20, 40, 70, 120, 170, 250 and
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350 min), the ﬂasks were removed, and the supernatants were
immediately ﬁltered through 0.45 μm microﬁltration membranes to collect the ﬁltrates. Then, the residual phosphate
concentration in each ﬁltrate was spectrophotometrically
estimated by ammonium molybdate spectrophotometry;
the absorbance at 700 nm was monitored by a UV-vis
spectrophotometer (T6, Nanjing, China).

(XRD, D8 ADVANCE, Brooke Company, Germany). The
isoelectric point (pHpzc) of the biochar was determined by
the Babic batch method (Babic et al. ).
All of the experiments were performed three times, and
the average values are reported. Additional analyses were
conducted when two measurements had a difference greater
than 5%.

Adsorption isotherm

Biochar adsorption

To examine the adsorption isotherm of the biochar, 1 g
adsorbent was added into 80 mL phosphate solution with
different initial concentration (10–100 mg/L). The ﬂasks
were placed in a thermostatic shaker at the desired temperature (298 ± 0.5, 303 ± 0.5 or 318 ± 0.5 K) and shaking rate
(180 rpm) for 24 h. Finally, the supernatants were ﬁltered
through a 0.45 μm microﬁltration membrane, and the phosphate concentrations were determined by the standard
method.

The adsorption capacity, qe (mg/g), of the biochar for
phosphate at equilibrium was calculated as follows:
qe ¼

(C0  Ce )V
W

(1)

where V (mL) is the volume of the phosphate solution; co
and ce (mg/L) represent the concentrations of phosphate
at the initial and equilibrium time, respectively; and W (g)
is the weight of the biochar.

Desorption experiment
For the desorption experiment, CMYGs (1 g) were exposed
to phosphate at a concentration of 50 mg/L, and the adsorption capacity was calculated as described above. In this
process, a complex of P-loaded biochar was achieved
(denoted P-CMYGs). After adsorption, the P-loaded biochar
was washed with deionized water to remove any unadsorbed phosphate and dried in an oven at 358 K. For
desorption, the P-loaded biochar was added to a desorption
reagent (pure water, 0.1 mol/L HCl, 0.1 mol/L NaOH or
0.1 mol/L NaCl) and shaken for 24 h, and the supernatant
was separated and again detected to calculate the desorption amount.

Adsorption kinetics
In this study, the experimental data were simulated by
pseudo-ﬁrst-order, pseudo-second-order (Boparai et al. ;
Bao et al. ) and intraparticle diffusion equations (Hou
et al. ).
The linear pseudo-ﬁrst-order equation can be expressed
as follows:
lg (qe  qt ) ¼ lgqe  k1 ×

t
2:303

(2)

The linear pseudo-second-order equation can be
expressed as follows:

Analysis methods
Characterization methods
The phosphate concentrations were determined by
ammonium molybdate spectrophotometry (GB 11893–89)
(Shi et al. ). The calcium and magnesium contents were
determined by ﬂame atomic absorption spectrophotometry
(GB 11904-89). The YGs and CMYGs were analyzed with
a Fourier transform infrared spectrometer (FTIR, Nicolet
6700, Neighborhood Company, USA), a Brunauer–
Emmett–Teller surface area analyzer (BET, ASAP, Mike,
USA), a ﬁeld emission scanning electron microscope (SEM,
SU8010, Hitachi, Japan), and an X-ray powder diffractometer
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t
1
t
¼
þ
qt k2 q2e qe

(3)

Order: h ¼ k2 × q2e

(4)

The particle diffusion equation can be expressed as
follows:
qt ¼ kp × t0:5 þ C

(5)

where t is the adsorption time (min); qt and qe are the
amounts of phosphate (mg/g) adsorbed at time t and at equilibrium time, respectively; k1, k2 and kp (mg/(g·min)) are the
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0.00

P
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N
C
biochar

Element (%)

|
Table 1

The surface characteristics of the materials were extensively
studied by using SEM/energy-dispersive X-ray spectroscopy
(EDS) (Supplementary Material, SM, Figure S1, available
with the online version of this paper). The SEM images
showed that with increasing synthesis temperature of YGs
and CMYGs, the number of irregular mesoporous structures
increased, and the distribution of irregular mesoporous
structures shifted from ordered to disordered (Yang et al.
). These irregular pore structures provided surface
areas where considerable numbers of nanoparticles were
present (Fang et al. ). The analysis of atomic mass
ratio is displayed in Table 1. According to the results, the
main composition elements of YGs were C and O, the
sum of which accounted for more than 90%. After modiﬁcation, the content of C in CMYGs was decreased,
whereas the contents of Ca2þ and Mg2þ were increased,
which were 0.06–0.63 and 10.37–23.22 times higher,

Elemental analysis of biochar at different carbonization temperatures

Characteristics of YGs and CMYGs

SBET: Total speciﬁc surface area; Smicto: Micropore surface area; Sext: External pore surface area; Vtot: Total pore volume; Vmic: Micropore volume; Vext: External pore volume; DP(nm): Pore diameter.

0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.01
0.03
1.16
3.06
5.00

0.00
0.00
0.02
0.01
0.01
0.09
0.01
0.01
0.12
0.65
4.64
41.20
1.33
0.36
188.76

0.78
4.02
39.12
1.94
7.08
44.12
5.57
4.62
4.32
0.61
0.17
0.39
1.31
1.66
1.09

Si

Ca

Mg

where qe is the adsorption capacity at equilibrium (mg/g), ce
is the phosphate concentration at equilibrium (mg/L), qm
represents the maximum adsorption capacity (mg/g), k is
the Langmuir constant, kf is the Freundlich adsorption
rate constant, and n is the adsorption intensity constant.

1.98
5.01
210.96

(7)

0.23
0.41
0.38

qe ¼ kf × Ce1=n

Smicto

The Freundlich isothermal equation for adsorption
describes non-ideal adsorption on a non-uniform surface
and is expressed as follows:

(m2/g)

Sext

(6)

SBET

ce
1
ce
¼
þ
qe qm × k qm

Vtot

equation for adsorption
on a uniform surface and

0.36
0.16
0.24

Vmic

isothermal models were
Ahmaruzzaman ) and

(m2/g)

In this study, two types of
applied: Langmuir (Mohanta &
Freundlich (Jiang et al. ).
The Langmuir isothermal
describes monolayer adsorption
is expressed as follows:

Vext

Adsorption isotherms

(cm3/g)

DP(nm)

rate constants; C is a constant related to the boundary layer
thickness; and h is the initial adsorption rate (mg/(g·min)).

10.22
7.77
2.09
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respectively, than those in YGs. These results indicated that
some C elements on the CMYGs surface were covered by
Ca2þ and/or Mg2þ and that Mg2þ was more effectively
loaded on the surface of biochar than was Ca2þ (Hou
et al. ). The SEM and elemental analyses showed that
the soaking modiﬁcation method was able to effectively
load Ca2þ and Mg2þ onto the CMYGs surface.
The BET and pore structure analysis results for the YGs
and CMYGs revealed some of the important properties of the
biochars. Table 1 shows that the surface area of CMYG750
was 210.96 m2/g, which is lower than that reported for
other adsorbents, such as hazelnut husk (1,092 m2/g) but
higher than that of corn straw biochar (61.0 m2/g) (Imamoglu
& Tekir ; Song et al. ). The Dp values were less than
20 nm for all the biochars, indicating that there were large
numbers of micropores and mesopores on the surfaces of
the YGs and CMYGs (Jung et al. ). In addition, with
increasing carbonization temperature, SBET, Smicto and Vtot
decreased, whereas Dp gradually increased. These results
can be attributed to the addition of calcium-magnesium
ions or calcium-magnesium oxides, which resulted in the
destruction of the original pore structure and the blocking
of internal micropores as well as the unblocking of mesopores and macropores in the biochar (Zhou et al. ).
The major functional groups of an adsorbent are commonly identiﬁed by using FTIR spectroscopy. As seen in
Figure S2 in the SM (available online), there were four
strong absorption peaks in the 4,000–400 cm1 region, and
the trends of the infrared spectra were approximately the
same, indicating that the species of chemical functional
groups on the surface of the CMYGs were not changed by
modiﬁcation with Ca2þ and Mg2þ (Michálekovárichveisová
et al. ). However, the intensities of the four absorption
peaks were different, indicating that the calcium and
magnesium ions may have combined with the surface
functional groups, thereby affecting the absorption peak
intensity (Zhou et al. ).
The XRD patterns show that the diffraction peaks are
sharp and complex, indicating that the formed amorphous
products have a high crystallinity and low purity (SM,
Figure S2) (Zhou et al. ; Dawood et al. ). The
XRD diffraction peaks of CMYG750 are similar to those
of YG750, indicating that the calcium-magnesium oxides
in the samples occur in an amorphous state (Li et al.
a). According to the results obtained with Jade 5.0,
a strong diffraction peak appears near 2θ ¼ 25 , which
represents SiO2 crystal based on comparison with the standard card (Zhou et al. ). Figure S2 shows several new
peaks near 2θ ¼ 20 , 40 , and 70 after the modiﬁcation,
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indicating the presence of Mg(OH)2 and MgO (Fang et al.
; Li et al. b; Li et al. ). In addition, the XRD pattern analysis does not show the obvious characteristic peaks
of CaO and Ca(OH)2, which may be due to the low loading
and small particle sizes or the overlapping with the characteristic peaks of calcium and magnesium oxide (Table 1).

Effect of the pH and carbonization temperature on
phosphate removal
As shown in Figure 1, an experiment was conducted in the
pH range from 4 to 10. The biochar adsorption capacity
for phosphate increased with the increase in carbonization
temperature, indicating that the ﬁnal carbonization temperature had a large inﬂuence on the phosphate removal of
biochar in the tested range. The amount of phosphate
adsorbed by the YGs and CMYGs increased as the pH
increased from 4 to 9 and then decreased.
Under our experimental conditions, phosphate predominantly existed in the anionic forms of HPO2
or H2PO
4
4
over the pH range of 4.0 to 10.0 (Figure 1). The MgO on
the biochar surface was expected to be positively charged
under the experimental aqueous conditions due to the
point of zero charge (PZC) of MgO and Mg(OH)2 at
around 12 (Li et al. ) and was expected to exhibit
strong afﬁnity for negatively charged phosphate at lower
pH values. For CMYGs, in solution of lower initial pH,
the presence of Mg oxides would be protonated to
MgOHþ, and surface electrostatic attraction between phosphate ions and protonated MgOHþ would be expected
(Yao et al. ; Li et al. ). The reaction can be simply

Figure 1

|

Effect of the solution pH on YGs and CMYGs adsorption of phosphate.
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described as follows at pH < 9.0:

2
þ
Mg-OHþ þ HPO2
4 ! Mg-OH  HPO4

However, the Mg-OHþ on the biochar was gradually
occupied over time, and the above reaction rate with
phosphate could gradually be slow down (Li et al. b).
At pH > 9.0, the increased OH concentration could not
only compete for adsorption sites with phosphate, but also
precipitate calcium and magnesium to block the pore of
biochar (Zhou et al. ). Moreover, the previous study
revealed that, when solution pH > pHpzc, the surface of
the modiﬁed biochar was negative (Chen et al. ). In
this study, the pHpzc of the CMYGs was 8.78, which was
less than solution pH, indicating that the electrostatic repulsion between phosphate and the biochar may occur, and this
consequently resulted in poor phosphate adsorption (Yang
et al. ). Therefore, the maximum capacities of YGs and
CMYGs to phosphate were obtained at pH 9.0.
Adsorption kinetics
Adsorption kinetics are typically used to estimate the rate
of adsorption, which is an important characteristic used to
measure the adsorption performance of an adsorbent (Li
et al. ). The phosphate adsorption kinetics of YGs and
CMYGs are shown in Figure S3 in the SM, available online).
Although the time to reach phosphate adsorption saturation
on the YGs and CMYGs was not consistent, all the materials
reached the adsorption equilibrium within 50–100 min.
In this study, the phosphate adsorption kinetics data
for the YGs and CMYGs were ﬁtted with the three
models. The ﬁtting results in Table 2 show that the adsorption of phosphate by the YGs/CMYGs is best ﬁtted by the
pseudo-second-order kinetic model (R 2 ¼ 1), which
|
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indicates that the phosphate adsorption on the biochars
was conducted through the inner sphere complex (Li et al.
). The formation of chemical bonds is the main factor
affecting the pseudo-second-order kinetics of adsorption
(Jung et al. ; Yang et al. ). To determine the actual
rate-controlling step, the kinetic data were ﬁtted using an
intraparticle diffusion equation (SM, Figure S4, available
online). The curve of the intraparticle diffusion model
showed that phosphate adsorption on the YGs/CMYGs
occurred in multiple segments. In the ﬁrst stage, the slope
was high, and the adsorption capacity rapidly increased.
In the second stage, the slope was lower, and the adsorption
sites on the adsorbent decreased until the adsorption equilibrium was reached (Hou et al. ). The particle diffusion
ﬁtting equation of the YGs/CMYGs did not pass through
the origin, which indicated that the phosphate adsorption
process was also inﬂuenced by particle internal diffusion
action (Zhang et al. ); thus, the process may be jointly
controlled by surface adsorption and intraparticle diffusion
(Li et al. ). As seen in Table 2, kp1 is greater than kp2,
and C1 is lower than C2, indicating that the phosphate
removal rate is higher in the initial stage for biochar with
a large speciﬁc surface area (Table 1). As adsorption continues, the boundary layer of biochar gradually forms, and
the adsorption capacity is gradually lost (Hou et al. ).
Thereafter, the adsorption rate is mainly determined by the
rate at which the adsorbate is transported from the outside
of the particle into the particle (Yang et al. ).

≡ MgO þ H2 O ! ≡ MgOHþ þ OH ;

þ
Mg-OHþ þ H2 PO
4 ! Mg-OH  H2 PO4 ;

Table 2

|

Adsorption isotherms
The biochar equilibrium adsorption capacity was increased
with the temperature increasing (SM, Figure S5, available
online), and the adsorption of YGs/CMYGs to phosphate
was an endothermic process (Hou et al. ).
As can be seen from Table 3 and Figure S5, the 1/n was
lower than 1, suggesting the existence of a high adsorption
intensity (Karunanithi et al. ). The qm and b were

Kinetic parameters of the adsorption models

1st-order
qe

Piratical-order

k2

qe

(mg/g)

k1(min)

(mg/g)

R2

(g/kg/min)

(mg/g)

R2

(g/mg/min)

kp1

C1

R21

kp2

C2

R22

qe,exp
Biochar

2nd-order
h

YGs

YG 350
YG 550
YG 750

2.74
2.92
3.01

0.01
0.01
0.00

1.53
1.90
1.64

0.93
0.86
0.81

0.92
0.88
0.79

2.81
2.90
2.99

1.00
1.00
1.00

0.14
0.14
0.14

0.35
0.39
0.46

0.22
0.25
0.43

0.95
0.92
0.94

0.04
0.04
0.03

1.77
2.06
2.24

0.85
0.98
0.97

CMYGs

CMYG350
CMYG550
CMYG750

34.50
76.60
81.10

0.01
0.01
0.01

11.14
35.16
45.50

0.87
0.93
0.97

0.00
0.00
0.00

35.71
83.33
90.91

1.00
1.00
1.00

5.10
7.81
5.88

7.95
14.12
16.60

3.73
7.74
15.24

0.95
1.00
0.99

0.22
0.50
0.78

29.79
66.05
65.55

0.93
0.95
0.89
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Phosphate adsorption isotherm parameter of YGs and CMYGs

Langmuir
Biochar

YGs

YG350

YG550

YG750

CMYGs

CMYG350

CMYG550

CMYG750

|

Freundlich

T(K)

qm(mg/g)

b(L/mg)

R2

kf(mg/g(1/mg)1/n)

1/n

R2

288
303
318
288
303
318
288
303
318

1.83
2.00
2.10
3.40
3.68
4.34
4.63
5.30
6.54

0.010
0.012
0.016
0.018
0.021
0.021
0.018
0.018
0.023

0.94
0.95
0.96
0.93
0.94
0.95
0.95
0.95
0.97

0.01
0.06
0.07
0.02
0.05
0.06
0.01
0.04
0.26

0.90
0.66
0.63
0.82
0.77
0.76
0.946
0.78
0.42

0.96
0.97
0.97
0.95
0.98
0.97
0.95
0.97
0.98

288
303
318
288
303
318
288
303
318

14.71
15.63
22.22
19.23
55.56
66.67
62.50
71.11
90.91

0.022
0.024
0.025
0.013
0.014
0.014
0.018
0.020
0.022

0.94
0.95
0.96
0.95
0.97
0.96
0.94
0.95
0.97

0.07
0.44
0.77
0.64
1.46
4.15
1.68
2.31
3.87

0.88
0.67
0.66
0.59
0.55
0.59
0.77
0.66
0.42

0.97
0.96
0.98
0.96
0.95
0.95
0.97
0.99
0.99

increased with the rise in temperature, indicating that the
adsorption rate and adsorption equilibrium capacity to
phosphate of YGs/CMYGs were increased with the temperature increasing (Hou et al. ). The adsorption to
phosphate of YGs/CMYGs were well ﬁtted to the Freundlich (R 2 > 0.95) and Langmuir model (R 2 > 0.94). This
ﬁnding indicates that in the absorption to phosphate of
YGs/CMYGs with a single molecular layer and multimolecular layer adsorption, numerous inequality and
uniform surfaces are present in the biochar surface, and
adsorption may involve a variety of interactive relationships
between the absorbent and the adsorbate. Besides, the

Figure 2

|

FTIR and XRD analyses of CMYG750 and P-CMYG750.
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maximum adsorption capacities of YG750 and CMYG750
to phosphate were 2.55 and 90.91 mg/g, respectively, and
calcium-magnesium modiﬁcation could enhance the adsorption capacities of CMYGs.
Adsorption mechanism
To further explore the mechanisms of phosphate adsorption
by the CMYGs, the CMYG750 samples before and after
phosphate adsorption (P-CMYG750) were characterized
by FTIR spectroscopy and XRD analysis (Figure 2). In general, the FTIR broad band centered around 3,428 cm1
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was associated with the –OH stretching vibrations of
the hydroxyl groups in the Mg(OH)2 or the sorbed water
molecules, and the peak located around 1,610 cm1 was
recorded as water deformation (Li et al. b). The peaks
around 900–1,000 cm1 were assigned to the stretching
and bending vibrations of Mg–O and Mg–OH (Li et al.
b). Furthermore, the peak around 500 cm1 was
assigned to Mg–O bond stretching vibrations (Yao et al.
; Li et al. ). After phosphate adsorption, the peaks
around 900 cm1 visible in the FTIR spectroscopy of the
CMYG750 biochar corresponding to Mg–OH vibrations
had largely disappeared, with a strengthening of the asymmetric vibrations of P–O bonds at around 1,067 cm1 (Li
et al. b), implying the interaction between the Mg–OH
group and phosphate ions and the possible formation of a
surface inner-sphere complex (Yang et al. ). Compared
with the Mg–O vibration peak around 500 cm1 before
phosphate adsorption, the peak around 500 cm1 was
decreased but still could be easily observed after phosphate
adsorption, which indicated that the Mg–O group was also
dedicated to the phosphate ion adsorption (Yao et al. ;
Li et al. b). However, the small change in the Mg–O
peak around 500 cm1 from before to after phosphate
sorption suggests the formation of only new outer-sphere
surface complexes between surface MgO and phosphate
(Li et al. b; Yang et al. ). The XRD analysis provided
additional evidence of phosphate interactions with
CMYG750 biochar upon sorption (Sahota et al. ). The
P-CMYG750 exhibited strong signals of not only the existence of MgO and Mg(OH)2 but also new crystals in the
forms of Mg(HPO4)2 and MgHPO4, which clearly indicated
the precipitations between phosphate ions and Mg oxide (Li
et al. b; Li et al. ; Yang et al. ).
Therefore, based on the results of the kinetic and
pH analyses, we propose that the phosphate adsorption
was controlled by the combined processes of surface
electrostatic attraction, inner-sphere complexation and
precipitation (Li et al. ; Yang et al. ). Under our
experimental conditions, phosphate predominantly existed
in the anionic forms of HPO2
and H2PO
4
4 over the pH
range of 4.0 to 10.0 (Li et al. ). During the initial
stages of the adsorption experiment, surface electrostatic
attraction between phosphate ions and protonated
MgOHþ would be expected ( Jiang et al. ; Li et al.
b). As the reaction continued, precipitation between
phosphate ions and Mg oxide particles on carbon surfaces
within the matrix would have taken place, resulting in the
formation of Mg(HPO4)2 and MgHPO4 crystals (Bao et al.
; Li et al. b).
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Desorption
An ideal adsorbent is not only highly effective but can also
easily desorb and maintain high adsorption efﬁciency after
recycling. In this study, the P-CMYGs desorbed by pure
water, 0.1 mol/L HCl, 0.1 mol/L NaOH or 0.1 mol/L
NaCl were separated from the solution and washed with
ultrapure water until neutral for recycling (SM, Figure S6,
available online) (Yang et al. ). The removal rate of
phosphate by CMYGs desorbed with water, 0.1 mol/L
NaOH and 0.1 mol/L NaCl was unsatisfactory, and their
values did not exceed 40% after ﬁve recycling. The low
removal efﬁciency may have been due to the strong coordination and complexation between the magnesium ions on
the surface of the biochar and the phosphate ions (Hou
et al. ; Li et al. b). Meanwhile, this result also indicated that there were some attractive sites that were not
completely reversed during desorption (Hou et al. ; Li
et al. b; Yang et al. ). While the 0.1 mol/L HCl
was used as the desorbent, the phosphate removal capacity
by P-CMYG350, P-CMYG550 and P-CMYG750 decreased
from 79.65%, 81.33% and 85.38% to 50.75%, 51.93% and
53.85%, respectively. The results showed that, as compared
to the other desorbents, the 0.1 mol/L HCl was found to be
the best one, and such a desorbent could only dissolve few
of the coated materials of Ca and Mg (i.e. less than 0.1%),
after 24 h processing. Meanwhile, the phosphate removal
efﬁciency of the modiﬁed biochar desorbent by 0.1 mol/L
HCl would be always higher than that of the other desorbents after ﬁve successive recycles. These results suggested
that Ca and Mg have been located deep inside and strongly
attached to the adsorbents. The ﬁndings demonstrated
that CMYGs are the promising adsorbents for phosphate
removal with high reusability.

CONCLUSIONS
The results demonstrated that MgO and Mg(OH)2 were
successfully deposited on the carbon surface within the
biochar matrix, and the CMYGs showed strong ability to
adsorb phosphate in aqueous solutions. The adsorption
followed the pseudo-second-order models, and the equilibrium was achieved within 100 min. The equilibrium data
were well described by the Freundlich and Langmuir
models, and the maximum phosphate adsorption capacity
of CMYG750 was 90.91 mg/g at pH 9.0. The CMYGs
retained over 50% phosphate removal efﬁciency, after ﬁve
successive recycles. The phosphate sorption mechanisms
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involved surface electrostatic attraction, inner-sphere
complexation and precipitation reactions. The results
demonstrated CMYG750 is a promising adsorbent for
environmental cleanup, particularly for the phosphate
removal from wastewater.
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