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g r a p h i c a l a b s t r a c t
� A novel designer biochar is produced
from the biomass pretreated with
lime sludge.

� The designer biochar acts as an
excellent sorbent for dissolved phos-
phorus removal.

� Adsorption processes and mecha-
nisms of the designer biochar are
appraised.

� The prospect of phosphorus-captured
biochar as a fertilizer is highlighted.
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Excessive phosphorus (P) in marine and freshwater systems has been identified as a primary perpetrator
for the harmful and nuisance algal blooms. In this study, a novel designer biochar was produced from
sawdust biomass treated with lime sludge prior to pyrolysis. The adsorption of dissolved P on the
designer biochar was comprehensively evaluated under different experimental conditions. It revealed
that the removal of dissolved P by the designer biochar was more efficient than unmodified biochar, lime
sludge, and their post-combination, suggesting that the pretreatment of biomass with lime sludge for the
designer biochar production has a significantly synergic effect on enhancing P removal. Post-adsorption
characterization and mathematical modeling analyses indicated that the adsorption of dissolved P on the
designer biochar could be controlled by multiple mechanisms including physical and chemical adsorp-
tion. The precipitation reaction between P anions and metal ions on the surface of the designer biochar
was identified as a predominant mechanism. The X-ray diffraction showed that the precipitation reaction
generated a series of P fertilizer forms depositing onto the designer biochar. In addition, batch adsorption
experiments showed that both initial solution pH and coexisting anions had a lesser effect on the P
removal by the designer biochar. This study proposed that the designer biochar could be a promising
sorbent to remove dissolved P, and the nutrient-captured biochar could be used as a fertilizer to recover
nutrients.

© 2021 Elsevier Ltd. All rights reserved.
.

1. Introduction

Harmful algal blooms (HABs) are blue-green algae that grow out
of control and produce toxins, causing catastrophic consequences
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for ecosystems, human health, and economies (Gobler, 2020;
Kouakou and Poder, 2019; Wood, 2016). Currently, HABs are of
growing concern in the world. There is an established scientific
consensus that excessive nutrients, especially dissolved phos-
phorus (P), in marine and freshwater systems are a primary
perpetrator for HABs (Ni et al., 2020; Nürnberg et al., 2019; Smith
et al., 2018; Wurtsbaugh et al., 2019). From the perspective of
plant growth and maturity, however, P is an essential and vital
component. Recently, P depletion or “Peak Phosphorus” has been
gaining increased public attention because the world is running
short of P ore for chemical fertilizers (Cordell, 2013; Cordell and
White, 2011; Reitzel et al., 2019). Therefore, it is critical to
develop best management practices (BMPs) that can reduce P los-
ses to mitigate its contamination and simultaneously recover P for
agricultural application.

At present, numerous on-farm conservation practices including
cover crops, reduced tillage, saturated buffers, and land use change
have been scrutinized to reduce P losses from agricultural fields
(Carstensen et al., 2020; Cober et al., 2019; Singh et al., 2020). In
addition, many treatment techniques involving biological treat-
ment, chemical precipitation, membrane filtration, and adsorption
have also been developed to remove anionic dissolved P (i.e., PO4

3�,
HPO4

2�, and H2PO4
�) from wastewater (Altmann et al., 2016; Liu

et al., 2020; Mbamba et al., 2019; Omwene et al., 2018; Smol,
2018). Adsorption as a simple, efficient, and cost-effective
approach is often used to remove dissolved P from municipal
wastewater and agricultural runoff. Some P adsorbents such as
calcium-enriched gypsum (Bryant et al., 2012), industrial byprod-
uct steel slag (Hua et al., 2016; Penn et al., 2020), and fly ash (Li
et al., 2018) have been attempted to remove dissolved P from the
runoff and drainage water in the agricultural area. After the treat-
ment, most adsorbents like steel slag and fly ash are usually ship-
ped to a landfill and the captured nutrients are no longer available
for use in agricultural fields.

Recently, biochar is being considered a promising adsorbent to
capture and recover nutrients from contaminated water. Biochar is
a carbon-rich material produced from thermal conversion of
biomass under an oxygen-limited condition. The application of
biochar into soils cannot only improve soil quality, but also
sequester carbon and thereby reduce the growing levels of CO2 in
the atmosphere (Lehmann et al., 2006; Zheng et al., 2016). Given
that a biochar adsorbs nutrients, the captured nutrients can be
recovered once the biochar is applied to the fields as a soil
amendment. Previous studies have clearly shown that biochar can
strongly adsorb cationic nutrients such as ammonium ions (NH4

þ)
through an electrostatic adsorption mechanism due to its nega-
tively charged surface (Fan et al., 2019; Zheng et al., 2010). By
contrast, most biochars are generally ineffective in removing
anionic dissolved P (Pluer et al., 2016; Zheng et al., 2010). However,
some studies found that the engineered biochars produced from
special biomass containing high metal components such as mag-
nesium (Mg) showed a high P adsorption capacity (Yao et al., 2011a,
2011b). Pyrolyzing Mg-enriched biomass can allow MgO particles
or crystals into the biochar pore channels and its external surface.
The P removal by these engineered biochars is facilitated because of
precipitation of dissolved P through chemical reactions with metal
particles and surface deposition on metal crystals on the biochar
surface (Yao et al., 2013a, 2013b). However, the high cost and
limited metal-enriched biomass sources restrict the production of
these engineered biochars at a large scale.

To improve the adsorption capacity of biochars for dissolved P,
much effort has been conducted by doping a variety of metal ions
into the biochars (Ajmal et al., 2020; Bolbol et al., 2019; Zhang et al.,
2020). This post-modification method alters the surface properties
of biochars, resulting in the surface precipitation reactions between
2

cationic metal ions and P anions. Also, the addition of cationicmetal
ions may significantly reduce the negative charge of the biochar
surface and restrict the repulsive force between anionic P ions and
the negative biochar surface, facilitating dissolved P adsorption on
the biochar. For example, the modification of biochars using iron
(Fe) and lanthanum (La) oxides or hydroxides can greatly improve
their adsorption capacities of dissolved P (Ajmal et al., 2020; Bolbol
et al., 2019; Zhang et al., 2020). However, the P removal by these
metal-doped biochars is highly sensitive to solution pH. The P
adsorption capacities by Fe- or La-containing biochars significantly
decreased at high pH conditions (Ajmal et al., 2020; Bolbol et al.,
2019; Zhang et al., 2020). Moreover, the adsorbed P on Fe-
modified biochar may be released in alkaline solutions due to hy-
droxide. In addition, P adsorbents such as chitosan have been added
into biochar to remove dissolved P in environmentally relevant
conditions (Huang et al., 2020). Unlike metal-doped biochars,
electrostatic interaction, ligand exchange, and Lewis acid-base
interaction are the main adsorption mechanisms for the chitosan-
containing biochar for dissolved P adsorption (Huang et al., 2020).

The pretreatment of biomass using high metal-enriched mate-
rials is another modification approach to produce the modified
biochars with high P adsorption capacities. It has been reported
that biochars generated from aluminum (Al), Mg, or La reagent-
pretreated biomass have a significant increase in their removal
efficiency of dissolved P (Jia et al., 2020; Xu et al., 2019; Zhang and
Gao, 2013; Zhu et al., 2020). For example, the MgCl2-pretreated
biomass can promote the formation of biochar micropores and
mesoporous during pyrolysis. Moreover, MgCl2 can convert to MgO
nanoparticles dispersing on the external surface of the produced
biochar, which can be used as a P sorbent (Zhu et al., 2020). Our
study was to use lime sludge to pretreat biomass for designer
biochar production. Lime sludge, a widely available byproduct from
hard water softening in water treatment plants, is usually used as
agricultural lime to neutralize soil acidity. Lime sludge is mainly
composed of precipitated calcium (Ca) and Mg, which can be
considered as an aggressive modifier material for biochar. To the
best of our knowledge, this is the first study to pretreat biomass
using lime sludge before pyrolysis, and thereby enhance the
adsorption capacity of the produced biochar for dissolved P.

The objective of this study was to produce a novel designer
biochar from sawdust pretreated with lime sludge, comprehen-
sively investigate its adsorption kinetics and mechanisms for dis-
solved P, and explore its potential application for capturing
nutrients. The designer biochar produced from lime sludge and
sawdust and its usage as a P sorbent could be a win-win strategy to
convert waste biomass to valuable product, meanwhile diminishing
the occurrence of HABs by reducing nutrient loads to the
waterways.

2. Material and methods

2.1. Materials and chemicals

Potassium dihydrogen phosphate (KH2PO4, >99%) was pur-
chased from Sigma-Aldrich (St. Louis, MO). The stock solution of
KH2PO4 (10 g L�1) was prepared in deionized water. The deionized
water (>18.0 MU-cm) was supplied by a Labconco Water Pro Plus
system (Kansas City, MO). All chemicals were used as received.

A lime sludge as an additive for biochar production was
collected from a drinking water plant in Champaign, Illinois. The
lime sludge sample was dried at 105 �C and then ground to a par-
ticle size of<75 mm. Its physicochemical properties are summarized
in Table S1 in the Supplementary Information (SI). A commercial
activated carbon (Darco G-60) was obtained from Aldrich Chemical
Company, Inc. (Milwaukee, WI). A biomass, pine tree (Pinus spp.)
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sawdust, was collected from the University of Illinois at Urbana-
Champaign’s Energy Farm in Urbana, Illinois. The biomass was
air-dried and then sieved to obtain the particle size smaller than
1.0 mm.

2.2. Biochar production

Biochar production was conducted in a laboratory-scale pyrol-
ysis unit composed of a tube reactor equipped with a program-
mable temperature controller (up to 1200 �C), a cooling system to
collect bio-oil, and a source of nitrogen to modify the pyrolysis
atmosphere. Prior to pyrolysis, the sawdust was completely mixed
with the lime sludge at a 1:4 (w/w) of additive to biomass. The
pretreated biomass was weighed into the batch pyrolysis reactor.
The pyrolysis was conducted by raising the temperature to 450 �C
at a rate of 15 �Cmin�1 in a N2 gas stream and thenmaintaining the
temperature for 2 h. After pyrolysis, the designer biochar in the
reactor was cooled overnight to room temperature. Also, biomass
without the addition of lime sludge was pyrolyzed under the same
conditions to produce an unmodified biochar as a control for
comparison. The produced biochars were sealed in an airtight
container and stored at room temperature until use.

The generated biochars were characterized for physical and
chemical properties. Elemental analyses were conducted by the
Microanalysis Laboratory at the University of Illinois using CE 440
CHN analyzer (Exeter Analytical). The N2-BET surface areas of the
biochar samples were measured in static volumetric apparatus
(Monosorb, Quantachrome Corporation). Ash content was
measured by heating the samples at 750 �C for 4 h. The physico-
chemical properties of the designer biochar and the unmodified
biochar are shown in Table 1 and Table S1.

2.3. Sorption experiments

A series of batch experiments were conducted to evaluate the
adsorption capacities of the produced biochars for dissolved P. In
brief, 0.1 g of each biochar sample was weighed into a capped glass
vessel followed by the addition of 25 mL of KH2PO4 solutions. All
sealed sample vessels were agitated on a reciprocal shaker at
180 rpm and 222.0 ± 0.5 �C. At appropriate time intervals, the
vessels were withdrawn, and the mixtures were immediately
filtered through 0.45 mm membrane filters. The filtrates were
analyzed for the concentrations of phosphate by spectrophoto-
metric methods. The amount of dissolved P adsorbed to each sor-
bent was calculated from the difference between the initial and
filtrate concentrations of phosphate. A preliminary experiment
showed that no sorption occurred on the glass wall of the vessels
and the loss due to volatilization was insignificant. In detail, five
sub-group sorption experiments were performed to comprehen-
sively investigate the adsorption kinetics and isotherms of the
designer biochar. All experiments were carried out in triplicates.

(a) Comparison of dissolved P removal by different sorbents: To
evaluate the effect of lime sludge pretreatment on dissolved P
adsorption, the designer biochar, unmodified biochar, lime sludge,
and the mixture of unmodified biochar and lime sludge were
Table 1
Physicochemical properties of the biochars and a commercial activated carbon.

Sample SSA (m2/g) Ash (%) C (%) pH

Unmodified biochar 12.9 1.51 78.77 5.9
Designer biochar 7.0 32.49 51.71 10.5
Activated carbon 988.4 0.89 91.1 10.2

SSA-specific surface area; C-carbon; H-hydrogen; N-nitrogen, and O-oxygen.
H/C: atomic ratio of hydrogen to carbon. N/C: atomic ratio of nitrogen to carbon. O/C: at

3

examined in this study. In addition, a commercial activated carbon
was also chosen to compare the sorption capacity with the designer
biochar. Each selected sorbent was weighed into a sample vessel
with 25 mL of KH2PO4 (described as dissolved P at 10 mg L�1) so-
lutions. After being shaken for 24 h, the sorption solution from each
sample vessel was filtered and analyzed using the methods
described above.

(b)Adsorption kinetics: To investigate the equilibrium time, the
designer biochars were added into sample vessels containing 25mL
of 10 mg L�1 dissolved P solutions for shaking. At pre-determined
times (0, 1, 2, 4, 8, 10, 24, 48 h), the sample vials were withdrawn
from the shaker. After passing through membrane filters, the re-
sidual phosphate concentrations in aqueous solutions were
analyzed. Three typical models Pseudo-first order (Eq. (1)) (Ho and
McKay, 1999), Pseudo-second order (Eq. (2)) (Ho and McKay, 1998),
and Elovich (Eq. (3)) (Chien and Clayton, 1980) were employed to
simulate the experimental adsorption kinetics, respectively:

Qt ¼Qeð1� expð�k1tÞÞ (1)

Qt ¼ k2Q2
e t

1þ k2Qet
(2)

Qt ¼ lnðabÞ
b

þ lnðtÞ
b

(3)

where Qe and Qt (mg g�1) are the adsorbed amounts of dissolved P
at equilibrium and time t (h), respectively; k1 (h�1) and k2 (g mg�1

h�1) are the rate constants of pseudo-first order and pseudo-second
order, respectively; a(mg g�1 h�1) is the initial adsorption rate, and
b (g mg�1) is the desorption constant.

(c)Adsorption isotherm: The stock solution of KH2PO4 was
diluted into a series of sorption solutions with initial dissolved P
concentrations at 3, 5, 10, 50, 100, 250, 500, 750 mg L�1. Adsorption
isotherm of dissolved P on the designer biochar was determined by
adding 0.1 g of the designer biochar into these 25 mL of sorption
solutions, respectively. All samples were shaken for 24 h to suffi-
ciently achieve the sorption equilibration. Four commonly used
isotherm models including Langmuir (Eq. (4)), Freundlich (Eq. (5)),
Langmuir-Freundlich (Eq. (6)), and Redlich-Peterson (Eq. (7)) (Yao
et al., 2013a), were applied to simulate the dissolved P adsorption
processes onto the designer biochar:

Qe ¼ KlQCe
1þ KCe

(4)

Qe ¼Kf C
n
e (5)

Qe ¼
Klf QC

n
e

1þ Klf Cn
e

(6)
H (%) N (%) O (%) H/C N/C O/C

3.05 0.54 16.14 0.47 0.006 0.15
1.83 0.32 13.66 0.42 0.005 0.20
0.90 0.28 5.71 0.12 0.003 0.05

omic ratio of oxygen to carbon.



Fig. 1. Comparison of dissolved P removal by different sorbents.
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qe ¼ KrCe
1þ aCn

e
(7)

where Qe (mg g�1) is the adsorbed amount of dissolved P at an
equilibrium concentration Ce (mg L�1); Q (mg g�1) is the maximum
adsorption capacity; Kl (L mg�1), Kf (mg(1�n) Ln g�1), Klf (Ln mg-n),
and Kr (L g�1) represent the Langmuir, Freundlich, Langmuir-
Freundlich, and Redlich-Peterson constants, respectively; n is the
heterogeneity factor; and a (Ln mg-n) is Redlich-Peterson isotherm
constant.

For the sorption vessel containing 750 mg L�1 dissolved P, the
post-sorption biochar samples were collected, rinsed with deion-
ized water, and then dried at 100 �C for the following post-
adsorption characterization experiment.

(d)Adsorption under coexisting anions: The effect of the most
common coexisting anion, chloride ion (Cl�), on adsorption of
dissolved P on the designer biochar was investigated by adding 0.1,
10, 50, 100, and 200 mM KCl to 25 mL of 10 mg L�1 dissolved P
solutions, respectively. The designer biochar (0.1 g) was added into
each solution sample. All samples were shaken for 24 h to achieve
the adsorption equilibration.

(e)Adsorption under different pH: The effect of initial solution pH
on adsorption of dissolved P on the designer biochar was investi-
gated over a range of pH (i.e., 1.9, 3.8, 6, 7.6, 8.3, and 9.4). The
adsorption procedure, including the amounts of the designer bio-
char and initial dissolved P concentration, was the same as the
kinetics experiment. All samples were shaken for 24 h and then
analyzed for the residual phosphate in aqueous solutions.

2.4. Post-adsorption characterization

To explore the adsorption mechanisms of dissolved P on the
designer biochar, the post-adsorption characterization experi-
ments were conducted by using scanning electron microscope
(SEM) imaging and X-ray diffraction (XRD) analyses. The designer
biochar laden with and without P were examined using X-ray
diffraction (XRD) (Rigaku Miniflex 600 diffractometer) conducted
by the X-ray Analysis Laboratory at the University of Illinois, which
was operated at 40 kV and 15 mA; data was collected over the 2q
range from 5� to 60� using Cu Ka radiation with a scan speed of 1�

per minute. The surface morphology of the P-laden designer bio-
char was compared with the biochar without P adsorption by using
scanning electron microscopy (JEOL JSM -6060 Low Vacuum SEM).

3. Results and discussion

3.1. Dissolved P removal

The removal rates of dissolved P by the designer biochar, the
unmodified biochar, the lime sludge, and the activated carbon are
depicted in Fig. 1. Both the designer biochar and unmodified bio-
char were produced from wood biomass under the same pyrolysis
conditions. The main difference of the designer biochar was that it
was generated from the biomass pretreated with the lime sludge.
The designer biochar could completely remove dissolved P if their
concentrations in the aqueous solutions are less than 1.0 mg L�1

(Fig. S1). In 10 mg L�1 dissolved P solutions, the designer biochar
could adsorb approximately 76% of P (Fig. 1), which is significantly
higher than the unmodified biochar (with <1% removal rate). It is
consistent with the previous studies that unmodified biochars are
usually not efficient sorbents to adsorb anionic P ions due to their
surfaces having high negative zeta potential (Yao et al., 2011a;
Zheng et al., 2010). The lime sludge as a Ca-enriched material could
remove approximately 50% of dissolved P, which is higher than the
4

commercial activated carbon (Fig. 1). This result confirms that the
lime sludge could be directedly used as a P sorbent to remove
dissolved P from the contaminated water (Krishna et al., 2017). In
addition, the lime sludge was pyrolyzed under the same conditions
used for biochar production (i.e., 450 �C). The removal of dissolved
P by the pyrolyzed lime sludge did not show a significant
improvement compared to the raw lime sludge (Fig. 1), suggesting
that the pyrolysis under 450 �C did not alter the activity of the lime
sludge for P removal.

By contrast, the P removal by the designer biochar from aqueous
solutions is relatively higher compared to the pyrolyzed lime sludge
at 450 �C (Fig. 1). Moreover, the P removal rate of the designer
biochar is also greater than the sorbent with the unmodified bio-
char and the lime sludge combination, suggesting that the pre-
treatment of biomass with lime sludge for the designer biochar
production has a significantly synergic effect on enhancing P
removal. The result indicates that the process of biomass carbon-
ization under pyrolysis may activate the lime sludge and enhance
its P adsorption capacity. Thus, the procedure of biomass pretreated
with lime sludge is an essential and key step to improve the
adsorption capacity of the designer biochar.
3.2. P adsorption mechanisms on the designer biochar

The differences in P removal rates of the designer biochar, the
unmodified biochar, the lime sludge, and the activated carbon are
attributed to their different adsorption mechanisms. In general, the
physical sorption (i.e., intraparticle diffusion) is a major mechanism
for P removal by carbon-based sorbents such as activated carbon or
unmodified biochar because they are porous carbonaceous mate-
rials with high surface area. In this study, the surface character-
ization shows that the activated carbon has an extremely high
special surface area (988.4 m2 g�1) compared to the unmodified
biochar (12.9 m2 g�1) (Table 1), resulting in the P adsorption ca-
pacity of the former being higher than that of the latter (Fig. 1). In
addition, the activated carbon has relatively lower H/C, N/C, and O/
C ratios (Table 1), suggesting it is a higher carbonization material in
comparison with both designer and unmodified biochars (Conti
et al., 2016). The lime sludge, a by-product from the water soft-
ening, is mostly composed of calcium carbonate (CaCO3) with
certain amounts of Mg and other minerals (Table S1). Although
CaCO3 has low solubility, very small amounts of free calcium ions
released from the lime sludgemay react with anionic P ions to form
Ca(H2PO4)2, CaHPO4, and/or Ca3(PO4)2. Moreover, this precipitation
reaction is favorable since the value of the solubility product con-
stant (Ksp) of Ca3(PO4)2 (2.0 � 10�29 at 25 �C) is much lower than
that of CaCO3 (2.8� 10�9 at 25 �C). Thus, the chemical adsorption is
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a primary mechanism for the removal of dissolved P by the lime
sludge.

The high adsorption of dissolved P on the designer biochar could
be controlled by multiple mechanisms. Similar to the unmodified
biochar, the designer biochar has a relatively small surface area
compared to the activated carbon (Table 1), suggesting that the
intraparticle diffusion is not a primary adsorption mechanism for
the P removal by the designer biochar. The designer biochar was
generated from the mixture of the wood biomass and the lime
sludge, resulting in high ash content (Table 1) with high percent-
ages of Ca and Mg (Table S1). Similar to the lime sludge, the main
mechanism is precipitation reactions between dissolved P and
metal ions (e.g., Ca2þ andMg2þ) on the designer biochar, which was
confirmed by XRD analysis. The XRD patterns of the unmodified
biochar, the designer biochar, and the P-laden designer biochar are
shown in Fig. 2. The XRD pattern of the unmodified biochar showed
a broad peak at a 2q value of 22�e23�, which is related to the crystal
plane of cellulose. It is also a typical biochar characteristic peak
which demonstrates its amorphous structure. The XRD pattern of
the designer biochar showed that the sharp diffraction peaks at
23.06�, 29.40�, 35.94�, 39.38�, 43.18�, 47,54�, and 48.50� were
consistent with the characteristic peaks of lime sludge (Fig. S2),
suggesting that the lime sludge was grafted into the biochar matrix
successfully during the pyrolysis.

Compared to the XRD pattern of the designer biochar without P
adsorption, several new diffraction peaks identified as Ca3(PO4)2,
CaHPO4$ and MgHPO4$3H2O and MgHPO4$7H2O were observed in
the P-laden designer biochar (Fig. 2). The precipitation reactions
can be described as follows:

3Ca2þ þ 2PO4
3� / Ca3(PO4)2

Ca2þ þ HPO4
2�/ CaHPO4

Mg2þ þ HPO4
2� þ.3H2O / MgHPO4 3H2O

Mg2þ þ HPO4
2� þ.7H2O / MgHPO4 7H2O

In general, dissolved P consists of three anionic ions, i.e., PO4
3�,

HPO4
2�, and H2PO4

�. Their concentrations in the aqueous solutions
depend on the pH values. In this study, the pH value of the initial
Fig. 2. XRD patterns of the unmodified biochar, the designer biochar, and the P-laden
designer biochar.

5

sorption solution (KH2PO4) was around 6.0. Accordingly, the pri-
mary P species in the solution should be H2PO4

�. Unlike the previous
study (Yao et al, 2011b, 2013a), however, Ca(H2PO4)2 or Mg(H2PO4)2
were not observed in the study (Fig. 2). Alkalinity is one of the most
influential properties for most biochars because their surfaces
contain a large amount of alkaline functional groups (Tomczyk
et al., 2020; Fidel et al., 2017). The pH value of the designer bio-
char is 10.5 (Table 1). When dissolved P reaches the alkaline surface
of the designer biochar, the P species H2PO4

� was converted to
HPO4

2� and PO4
3�, which would react with metal ions (i.e., Ca2þ and

Mg2þ) of the designer biochar to form Ca3(PO4)2, CaHPO4, and
MgHPO4 crystals. It is consistent with the above precipitation re-
action mechanisms derived from the XRD analysis.

In addition to the intraparticle diffusion and the precipitation
interaction, previous studies indicated that the surface deposition
of P on metal crystals on the biochar surface, electrostatic attrac-
tion, complexation, and ligand exchange could be other important
adsorption mechanisms for the metal-modified biochars (Ajmal
et al., 2020; Bolbol et al., 2019; Xu et al., 2019; Yao et al., 2013a).
In this study, the co-pyrolysis of biomass and lime sludge generated
the high pH designer biochar, resulting in PO4

3� as the main P
species in the adsorption solutions. It is favorable for the precipi-
tation interaction between dissolved P and metal ions of the
designer biochar, because the value of the solubility Ksp of
Ca3(PO4)2 (2.0 � 10�29 at 25 �C) is much lower than those of
CaHPO4 (1.0 � 10�9 at 25 �C) and Ca(H2PO4)2 (soluble). In addition,
the pH buffer capacity of the designer biochar is stronger compared
to lime sludge, which facilitates its precipitation reaction with
dissolved P (i.e., PO4

3�). Thus, the designer biochar produced from
the biomass pretreatedwith lime sludge has a significantly synergic
effect on enhancing P removal compared to the combination of lime
sludge and unmodified biochar (Fig. 1).

The surface morphology of the unmodified biochar, the designer
biochar, and the P-laden designer biochar characterized by SEM are
displayed in Fig. S3 in the SI. The unmodified biochar has a rela-
tively rough and clean surface. The surface of the designer biochar
was covered by new rough circular particles, confirming the pres-
ence of CaCO3 crystals on this biochar surface. Clusters of flakey
substance were observed hanging on the particles in the P-laden
designer biochar, suggesting the formation of the new CaeP and/or
MgeP crystals on the biochar surface. This result further confirms
that the chemical precipitation reaction is a major mechanism for
the adsorption of dissolved P onto the designer biochar.

3.3. Adsorption kinetics

Example time courses for adsorption of the dissolved P at an
initial concentration of 10 mg L�1 on the designer biochar are
shown in Fig. 3. The initial P adsorption of the designer biochar was
a rapid process, and over 90% of the adsorptionwas achieved in the
first 2 h. It is attributed to rapid precipitation reactions between
dissolved P and metal ions on the surface of the designer biochar.
With the contact time increasing, the adsorption of dissolved P on
the designer biochar gradually reached equilibrium. This process
may be related to the physical adsorption mechanism, i.e., the
intraparticle diffusion of dissolved P into the porous biochar. These
results are similar to the previous study that both rapid external
surface adsorption (fast adsorption stage) and slow intraparticle
diffusion (equilibrium stage) likely controlled the P adsorption ki-
netic process on a Mg-modified biochar (Zhu et al., 2020).

The pseudo-first order, pseudo-second order, and Elovich
models were used to simulate the adsorption kinetics of dissolved P
on the designer biochar (Fig. 3). The best-fit parameters of three
mathematical models are shown in Table 2. The pseudo-first order
and pseudo-second order models are often used to describe



Fig. 3. Adsorption kinetics and models for dissolved P on the designer biochar.

Fig. 4. Adsorption isotherms and models for dissolved P on the designer biochar.
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reversible reactions and the chemisorption processes between
sorbent and sorbate in the solid-solution system, respectively. The
Elovich model is an empirical equation considering the contribu-
tion of desorption. As shown in Fig. 3, all models are well fitted to
the experimental data with high correlation coefficients (Table 2),
especially for pseudo-first order and pseudo-second order models
(R2 > 0.99). This result indicates that the adsorption of dissolved P
on the designer biochar was simultaneously involved in physical
and chemisorption processes. It is consistent with the above
adsorption mechanism analyses that the adsorption of the dis-
solved P on the designer biochar could be controlled by multiple
mechanisms and the chemisorption (e.g., precipitation reaction) is
the most dominant adsorption mechanism.

3.4. Adsorption isotherms

The adsorption isotherms of dissolved P on the designer biochar
are displayed in Fig. 4. It can be seen that the adsorption isotherms
of dissolved P by the designer biochar are nonlinear with a concave
downward shape (Fig. 4). Four adsorption isotherms as nonlinear
methods were employed to model the adsorption isotherms.
Langmuir and Freundlich isotherm models are two-parameter
equations, which correspond to the homogenous and heteroge-
neous sorbent surfaces, respectively. The Langmuir-Freundlich and
Redlich-Peterson isotherm models are three-parameter equations,
which are often used to describe chemisorption onto a heteroge-
neous surface. Moreover, they have more applicability than the
two-parameter equations (e.g., Freundlich and Langmuir) because
they have three adjustable parameters (Yao et al., 2013a).

The best-fit model parameters of four adsorption isotherms are
calculated and summarized in Table 3. The correlation coefficient
(R2) values from the Langmuir-Freundlich and Redlich-Peterson
models are better than those of Freundlich and Langmuir models,
suggesting the adsorption of dissolved P on the designer biochar is
a heterogeneous process (Zhu et al., 2020). The result is consistent
Table 2
Pseudo-first order, Pseudo-second order and Elovich model fit parameters.

parameter 1

Pseudo-first order k1 ¼ 1.208 ± 0.098 (h�1)
Pseudo-second order k2 ¼ 1.243 ± 0.228 (g mg�1h�1)
Elovich b ¼ 5.411 ± 2.017 (g mg �1)
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with themechanism study that the adsorption of dissolved P on the
designer biochar involves physical and chemical adsorption
mechanisms. The maximum adsorption capacities of dissolved P on
the designer biochar via fitting Langmuir-Freundlich and Redlich-
Peterson were both greater than 15 mg g�1.
3.5. Effect of coexisting anions on dissolve P removal

Previous studies showed that the anions co-existing with P
anions in the aqueous solutions could influence the P removal by
modified biochars (Jia et al., 2020; Yao et al., 2011b). Chloride ion
(Cl�1) is the most abundant anion in both freshwater
(1e100 mg L�1) and saltwater (~19,400 mg L�1). The effect of the
presence of Cl�1 with different concentrations on the amount of
dissolved P by the designer biochar is depicted in Fig. 5. When the
molecular concentration level of Cl�1 (0.1 mM) was the same as the
dissolved P in the aqueous solution, a negligible effect of coexisting
anions on dissolved P adsorption by the designer biochar was
observed (Fig. 5). It is attributed to the strong interaction of dis-
solved P and metal ions (i.e., Ca2þ and Mg2þ) on the surface of the
designer biochar. This result suggests that the level of Cl�1 in the
freshwater has little effect on the adsorption of dissolved P onto the
designer biochar.

By contrast, the presence of high concentrations of Cl�1 resulted
in a slight decrease in the adsorption of dissolved P on the designer
biochar (Fig. 5). When the concentration of Cl�1 in the aqueous
solutions ranged from 10 mM to 200 mM, about 100 to 2000 times
of the dissolved P, the adsorption amount of the dissolved P on the
designer biochar dropped approximately 12.9%e25.6%. This result
indicates that high levels of Cl�1 may cover the active adsorption
sites on the surface of the designer biochar and thereby block the
precipitation reaction of dissolved P on the surface of the designer
biochar. It is consistent with previously reported studies that the
existence of anions could impact the removal of the dissolved P by
metal-modified biochars due to the occurrence of competitive
adsorption (Jia et al., 2020; Yao et al., 2011b).
parameter 2 R2

Qe ¼ 1.769 ± 0.047 (mg g�1) 0.994
Qe ¼ 1.856 ± 0.090 (mg g�1) 0.998
a ¼ 167.643 ± 486.036 (mg g�1 h�1) 0.927



Table 3
Adsorption isotherm data and modeling result for designer biochar.

parameter 1 parameter 2 parameter 3 R2

Langmuir Kl ¼ 0.017 ± 0.002 (L mg �1) Q ¼ 16.696 ± 0.554 (mg g�1) 0.980
Freundlich Kf ¼ 1.865 ± 0.111 (mg(1�n) Ln g�1) n ¼ 0.337 ± 0.0102 0.940
Langmuir-Freundlich Klf ¼ 0.026 ± 0.018 (Ln mg-n) Q ¼ 17.439 ± 2.346 (mg g�1) n ¼ 0.876 ± 0.007 0.982
Redlich-Peterson Kr ¼ 0.212 ± 0.007 (L g�1) a ¼ 0.005 ± 0.0002 (Ln mg-n) n ¼ 1.154 ± 0.0069 0.988

Fig. 5. Effect of coexisting Cl�1 on the dissolved P adsorption on the designer biochar.
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3.6. Effect of pH on dissolved P removal

The effect of initial solution pH on the adsorption of dissolved P
on the designer biochar is displayed in Fig. 6. The adsorbed
amounts of dissolved P on the designer biochar increased appro-
priately 5% as initial pH increased from 1.9 to 3.8. A further increase
in pH values of aqueous solutions from 3.8 to 9.4 did not have a
significant effect on the adsorption of dissolved P on the designer
biochar (Fig. 6). The result is different from other metal-modified
biochars. For example, pH had a great impact on the P removal by
the lanthanum (La)-modified biochars (Jia et al., 2020; Xu et al.,
2019). The optimum pH for dissolved P removal by the La-
modified biochars was about 3.0, and their removal efficiency
decreased as the solution pH increased (Xu et al., 2019). Similar
results were also observed in the Mg-modified biochars (Bolbol
et al., 2019; Yao et al., 2011b). It was attributed to the increase of
the negative charge on the surface of these metal-modified bio-
chars, resulting in an increase in electrostatic repulsion with P
anions (Bolbol et al., 2019; Jia et al., 2020; Xu et al., 2019). By
contrast, the initial solution pH did not have a significant impact on
the adsorption of the lime sludge-modified biochar because of its
Fig. 6. Effect of pH on dissolved P adsorption on the designer biochar.

7

strong pH buffer capacity. It suggests that the designer biochar
could be operated in solutions with a wide pH range. Therefore, it
may be more applicable in the aquatic environments compared to
other modified biochars.

3.7. Environmental implication e potential nutrient recovery

Anthropogenic activities have accelerated the rate at which
excessive nutrients enter water bodies, resulting in eutrophication
that occurs frequently. Discharge of dissolved P frommunicipal and
industrial effluents is regarded as a point source for nutrient
pollution. Also, P runoff from agriculture and its loss from tile
drainage are often identified as a primary contributor for the
eutrophication. In particular, tile drainage is being recognized as an
important pathway for P transport (especially for dissolved P)
because of the prevalent use of subsurface drainage systems and
extensive adoption of no-till farming in the Midwestern U.S. (king
et al., 2015a; Smith et al., 2015).

Lime sludge as a low-cost sorbent has been used to remove
dissolved P from nutrient-containing water including wastewater
or municipal effluents (Chittoo and Sutherland, 2019; Krishna et al.,
2017). When lime sludge is used to pretreat biomass, the produced
designer biochar has a significant increase in the removal of dis-
solved P compared to unmodified biochar and lime sludge (Fig. 1).
This result suggests that the designer biochar is a better sorbent to
remove P from nutrient-containing water compared to lime sludge.
More importantly, the precipitation reactions of dissolved P and
metals generate a series of P fertilizer forms (e.g., Ca3(PO4)2, and
MgHPO4$3H2O and MgHPO4$7H2O) that deposit on the designer
biochar. When the P-laden designer biochar is applied to the field
soils, the captured P would be recovered. Therefore, the practice
associated with the use of the designer biochar for dissolved P
capture from contaminated water and the following application of
nutrient-captured biochar in soils is a win-win strategy. It not only
reduces the excessive nutrient loading into thewatersheds, but also
simultaneously recovers the nutrients for agricultural use as a fer-
tilizer. In addition, the precipitation reactions could occur on the
surface of the designer biochar and its pores, resulting in the
formed P fertilizers coating or depositing onto the designer biochar.
The adsorption of the designer biochar to these P fertilizers may
result in slowly releasing the captured P nutrients. More research is
needed to evaluate if the P captured biochar can be used as a slow-
release fertilizer.

In addition, lime sludge is a more environmentally friendly and
economic material compared to other metal reagents to modify
biochars. Lime sludge as a Ca-enriched material is often used as
agricultural lime to neutralize soil acidity. Unlike many metal-
modified biochars, there are no potential soil contamination is-
sues (e.g., heavymetal release) for the designer biochar because it is
produced from lime sludge and sawdust biomass. Moreover, lime
sludge is often free and widely available in most drinking water
treatment plants, so it is a more reliable source for biochar pro-
duction compared to other metal reagents. Therefore, the designer
biochar could be produced at a large scale, making it feasible to
capture and recover nutrients. Future studies will be conducted to
explore a practical application of the designer biochar for capturing
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dissolved P from municipal effluent, agricultural runoff, or sub-
surface drainage water.

4. Conclusion

A designer biochar produced from sawdust biomass pretreated
with lime sludge exhibited a high adsorption performance for
dissolved P. The study revealed that the biomass pretreatment with
lime sludge is a key process to improve the adsorption capacity of
the designer biochar. XRD analysis clearly showed the formation of
Ca3(PO4)2, CaHPO4, and MgHPO4$3H2O and MgHPO4$7H2O on the
surface of the designer biochar, indicating the precipitation reac-
tion is the predominant mechanism for the dissolved P removal by
the designer biochar. The maximum adsorption capacity of dis-
solved P on the designer biochar was more than 15 mg g�1. In
addition, this study proposed a win-win strategy including the use
of the designer biochar for dissolved P capture and the application
of nutrient-captured biochar as a slow-release fertilizer.
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