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Abstract

In this study, an adsorbent (LCB) with rich honeycomb structure was prepared from cork waste generated from fur-
niture factories for efficient adsorption of excess phosphorus (P) from wastewater. This adsorbent was successfully
prepared in only one step, in situ precipitation method, which greatly simplified the synthesis process. Kinetic
studies showed that when the initial concentration (C,) of wastewater was 10 mg P L™, the P in the water could be
completely adsorbed within 20 min. The adsorption efficiency of phosphorus was significantly improved compared
to previous studies. When the C, of pollutant and the dosage of LCB were 20 mg P L' and 0.5 g L', respectively,

the removal rate of P exceeded 99% in the pH range of 3-10, which indicates the wide applicability of LCB. In addi-
tion, the P adsorption capacity of LCB was 82.4% of its initial value after nine adsorption—desorption cycles, indicating
that LCB has a high stability and can be widely used in different water environments. Therefore, LCB is a promising
material for the treatment of P-containing wastewater.

Article Highlights

- Highly efficient P-absorber with honeycomb structure and high specific surface area (2093.1 m? g™') was pre-
pared.

- LCB had an adsorption capacity of up to 2804 mg P g La™ and its reusability was outstanding.

+  LCB maintained good P-removal effect at a solution pH of 3~10 and can be used in a wide range of applications.
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Graphical Abstract

1 Introduction

Phosphorus (P) is an important nutrient; however, excess
P can severely pollute aquatic environments (Cheng et al.
2023; Feng et al. 2023b). For example, it causes excessive
algal growth, hinders photosynthesis in aquatic plants,
causes the mass mortality of aquatic animals, reduces the
number and diversity of aquatic species, and decreases
the stability and diversity of aquatic ecosystems (Wang
et al. 2023a). In addition, eutrophic water can cause
hyperphosphatemia in humans, resulting in osteoporo-
sis (Li et al. 2023b). Scientists have investigated various
methods of removing excess P from water to address
these issues.

Typical P removal methods include chemical precipi-
tation, in which certain water-soluble metal salts are
added to water, and the metal ions react with P to form
insoluble salts, thus separating them from water (Liir-
ling et al. 2020). Ion exchange is another method that
uses porous anion-exchange resins to selectively absorb
and remove P from wastewater (Dong et al. 2020). Bio-
logical phosphorus removal technology utilizes the
biochemical processes of microorganisms to remove
P from water (Sun et al. 2021). Adsorption removes P
from wastewater based on the affinity of certain porous
or large-surface-area solid materials for phosphate ions
in water (Liu et al. 2023). Because the capacity of the
adsorbent is limited, it may rapidly become saturated

when the concentration of contaminants in the solu-
tion is high, thereby affecting the removal efficiency.
Therefore, adsorption is typically preferred for treating
water with low P concentrations (Arroyave et al. 2022).
The advantages of this adsorption method include its
low energy consumption, low pollution, fast removal,
and easy recovery. However, it presents some disad-
vantages, such as the regeneration and treatment of the
adsorbent, which may be problematic (Mahata et al.
2022).

The selection of a sorbent depends on many factors,
including the contaminant concentration, water qual-
ity, treatment goals, and cost. Adsorbents typically used
include activated carbon, zeolites, bentonite, and iron
oxide (Moumen et al. 2022). However, the adsorption of P
by purely environmental mineral materials is either weak
or ineffective. Therefore, researchers have used these
materials as carriers and loaded them with other metal
salts that can react with phosphate ions in water to form
insoluble salts for P removal (Wang et al. 2021b). Typi-
cal metal salts used for P adsorption include aluminum,
iron, lanthanides (La), and complex metal salts. Among
them, adsorbents containing La have better removal per-
formance for P. However, in practical applications, La-
containing materials exhibit unsatisfactory recoverability
and low La utilization. Therefore, suitable carriers should
be selected.
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Biochar, due to its rich pore structure, high carbon
content, and the ability to improve soil fertility, has
been widely used as an adsorbent material for P pol-
lutants in water bodies. Several studies have selected
various biomass sources to prepare biochar materials
for adsorbing excess phosphate in water bodies. This
not only removes phosphorus but also facilitates the
resourceful reuse of discarded biomass materials, con-
tributing to ecological sustainability , such as Brazil
nut shells palm kernel cake (Canteral et al. 2023a), rice
husk and corn stover (Zhao et al. 2017), sesame straw
(Park et al. 2015), woody materials (Sarkhot et al. 2013),
carrot residues (de Carvalho Eufréasio Pinto et al. 2019).

Cork is a natural polymer produced from the bark of
subtropical trees. It is produced in large quantities and
widely used in the construction and furniture produc-
tion industries (Zhang et al. 2020). However, the large
amount of cork waste generated during furniture pro-
duction harms the environment and increases the cost
of solid waste disposal. Compared to the previously
reported biochar-based phosphorus absorbers men-
tioned above, cork biochar has a high specific surface
area (SSA), and its internal structure is a highly ordered
arrangement of pentagons or hexagons. They maintain
their original structure under high-temperature con-
ditions, making them high-quality carriers (Liu et al.
2022). However, no studies have been reported on
applying cork biochar for phosphorus adsorption. Con-
sidering the above factors, the use of cork waste can
solve the problems of waste reprocessing and the insta-
bility of La-loaded adsorbents and reduce the develop-
ment cost of adsorbents.

Therefore, a new adsorbent, La-loaded cork biochar
(LCB) was developed. Because potassium compounds
undergo redox reactions with carbon, etch the carbon
skeleton, and create pores (Wang and Kaskel 2012), the
cork biomass was activated using potassium hydroxide
(KOH), which was hypothesized to increase the SSA of
the material after activation, thus improving the diffusion
rate and adsorption efficiency of P on LCB. In addition,
considering that the strong binding capacity between P
and metal La, it is hypothesized that loading La on cork
biochar can achieve efficient adsorption of P. In this
study, the adsorption performance of the adsorbent for
P and its influencing factors were investigated, the reac-
tion process and adsorption mechanism between the
two were elucidated, and the adsorbent’s recovery value
and selective adsorption were evaluated. In addition, the
effect of the adsorbent on P removal from wastewater
was investigated. This study provides a new method for
removing P from wastewater and provides more options
for the use of adsorbents.
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2 Materials and methods

Cork waste was obtained from the Laucork Cork Floor-
ing Plant in Shandong Province, China, which generates
approximately 30—40% of the total cork during the prepa-
ration of furniture (Demertzi et al. 2016). From a micro-
scopic perspective, cork consists of tightly packed stacks
of highly ordered pentagons or hexagons that retain their
original structure at high temperatures. In addition, cork
biomass contains numerous oxygen-containing func-
tional groups. Secondary utilization of cork waste can
solve the problem of reprocessing solid waste, improve
the stability of adsorbents, and reduce the development
cost of adsorbents.

2.1 Preparation of adsorbents

The cork was cleaned to remove impurities. Subse-
quently, it was dried and carbonized at 500 °C for 1.5 h
under N, conditions to obtain the product, which was
named CB (Wang et al. 2021a). Next, CB and KOH pow-
ders were mixed in ratios of 1:3, 1:4, and 1:5 and then
carbonized at 750 °C for 2 h. The impurities inside the
product were washed with hydrochloric acid (0.1 M),
washed with deionized water to neutral pH, and dried
to obtain products CB-1, CB-2, and CB-3. CB-3 was
selected for the subsequent preparation because it had
the largest SSA. CB-3 and La(NO,); were dispersed in
appropriate water at a 1:1 weight ratio and stirred for
10 h. Subsequently, the pH of the solution was adjusted
to 11 using 1 M NaOH, and stirring was continued for
10 h. The obtained solid material was washed with
ultrapure water to neutralize the pH and dried to obtain
the final product, denoted as LCB. The prepared materi-
als were analyzed by X-ray diffraction (XRD), scanning
electron microscopy (SEM), Brunauer—Emmett—Teller
(BET) analysis, Fourier transform infrared (FTIR) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS).
The instruments and reagents used in this study are listed
in Additional file 1.

2.2 P adsorption experiments

KH,PO, was dissolved in deionized water to prepare
a standard P solution with a concentration of 100 mg P
L~%; subsequently, it was diluted to the desired concen-
tration. Adsorption reactions were conducted in a con-
stant-temperature shaker (ZHWY 334, Zhicheng, China).
The P and La concentrations were determined using an
ultraviolet—visible spectrophotometer (HACH, DR5000,
USA) and an inductively coupled plasma mass spectrom-
eter (iICE 3500, Thermo Fisher, USA). All experiments
were carried out under the following reaction conditions
unless stated separately: temperature, 25+0.5 °C; stir-
ring speed, 150 rpm; adsorption time, 12 h; initial pH
of the solution, ~6; initial concentration, 20 mg P L
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adsorbent dose, 0.5 g L™*. The amount of adsorbed P
was calculated according to the equation provided in the
Additional file 1.

2.2.1 Effect of initial solution pH

The pH was adjusted to 2, 2.5, 3,4, 5, 6,7, 8,9, 10, and 11
using HCI and NaOH (0.1 ~1 M) to investigate the effect
of solution pH on P removal.

2.2.2 Adsorption isotherm

Adsorption isotherm experiments were performed at
288, 298, and 308 K, and at each temperature, the ini-
tial solution concentrations were set to 20, 50, 75, 100,
and 150 mg P L™!. The Langmuir and Freundlich mod-
els were used to fit the LCB process for P adsorption to
verify whether the adsorption process was monolayered
or multilayered. The fitting equations are listed in Addi-
tional file 1: Table S1 in the Additional file.

2.2.3 Adsorption kinetics

Kinetic experiments were performed at 10, 20, and 50 mg
P L~ ! initial concentrations. The samples were obtained
at specific intervals (i.e, 10 mg P L™ 1, 2, 5, 10, 15, and
20 min; 20 mg P L™ 2, 5, 10, 20, 60, 100, and 150 min;
and 50 mg P L™ 5, 10, 20, 40, 60, 100, 150, 240, 360, and
480 min). Pseudo-first-and pseudo-second-order kinetic
models were used to fit the reaction process and verify
whether the adsorption process involved physisorp-
tion or chemisorption. The fitting equations are listed in
Additional file 1: Table S1 in the Additional file.

2.2.4 Effects of coexisting ions

To investigate the competitive adsorption of P based on
typical anions in binary systems, such as CI~ (KCI), NO3~
(KNO,), CO,*™ (K,CO,), and SO,*~ (K,SO,), different
concentrations of competing ions were specified, i.e., , 50,
100, and 200 mg L~! because the ion concentrations in
natural water vary.

2.2.5 Reusability of absorbent LCB

To verify the reusability of the adsorbent, 1 M NaOH
was used as the desorbent for LCB. After the adsorption
of P, 2 g of the LCB was stirred in 1 L of NaOH solution
for 10 h, washed with deionized water until neutral, and
dried in an oven. The adsorption—desorption process was
repeated nine times.

2.2.6 Data analysis

The P-removal performance of the LCB was investi-
gated using batch performance experiments. All experi-
mental data were obtained in triplicate, and the results
were reported as the average and standard deviation.
The software origin was used to statistically analyze the
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experimental data. The Shapiro—Wilk test was used to
derive the normal distribution of the validation data,
and the output was considered non-normally distributed
if the significance level was below the set value (p, usu-
ally set at 0.05) for the resulting dataset (Canteral et al.
2023b). A one-way analysis of variance (ANOVA) was
applied to investigate the level of control factors for the
target variables and the significance of their effects.

3 Results and discussion

3.1 Material characterization

As shown in Table 1, the SSA of CB calculated using
the calculation model (Langmuir monolayer adsorption
equation) was 73.27 m* g~ !. The SSA of CB-1, CB-2, and
CB-3 were 2093.11, 2712.40, and 3504.60 m? g, respec-
tively. The significant increase in the SSA can be attrib-
uted to the following reasons. First, P compounds react
with carbon through redox to etch the carbon skeleton
and create pores. Second, metallic P can develop effec-
tively in the carbon lattice of the carbon substrate, caus-
ing the carbon lattice to swell. Washing away metallic P
or P compounds generates numerous microporous struc-
tures in the swollen carbon lattice (Wang and Kaskel
2012). Therefore, CB-3 was selected as the biochar car-
rier for La loading in this study. The SSA decreased after
loading because some La(OH); products obstructed
the pores inside the LCB. Figures 1b, d, and f show that
CB exhibited the characteristics of a type-IV isotherm,
indicating a mesoporous structure. Meanwhile, CB-3 and
LCB exhibited type I and type IV isotherm characteris-
tics, indicating that they were microporous-mesoporous
composite materials (Feng et al. 2023a; Sing 1985). The
pore size distribution plots (Figs. 1 ¢, e, and g) show
that they mainly consisted of microporous structures
with a few mesopores larger than 2 nm, which verified
the N, adsorption/desorption curve results. Hence, the
LCB contained both micro-sized macropores, numerous
micropores, and a few mesopores, which can improve its

Table 1 Pore structure parameters of materials used in current

study

Adsorbent SSA Vol Vi Void/Vior  Pore size
(m*g™" (m*g™") (mig™") (%) (nm)

B 7327 006 0.02 3333 529

CB-1 246081 092 0.82 89.13 2.21

CB-2 271240 099 0.92 9292 2.10

CB-3 350460 1.25 1.12 89.60 2.15

LCB 209311 089 0.57 64.04 2.66

SSA specific surface area

? total

5 micropore
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Fig. 1 a Scheme illustration of the preparation of adsorbent; b, d, f N, absorption/desorption curves of CB, CB-3, and LCB; ¢, e, g Pore size

distributions of CB, CB-3, and LCB

diffusion rate and P-adsorption efficiency. Table 1 lists
the pore structure parameters of the materials used in
this study.

The XRD pattern of the LCB is shown in Fig. 2a. The
diffraction peaks at diffraction angles (20) of 27.97°,
39.48°, 27.31°, and 48.64° matched the (101), (201), (110),
and (211) crystallographic planes of La(OH); on the
standard card JCPDS No.36-1481 (Jia et al. 2023b), thus
indicating that La(OH); was produced on LCB and that
the sample was of high purity. After adsorbing P, the dif-
fraction peaks at 20 values of 28.52°, 30.89°, 26.78°, and

48.13° matched the (120), (012), (200), and (-132) crys-
tal planes of LaPO, on the standard card JCPDS No.32—
0493, thus indicating that P reacted with La in LCB to
form LaPO,.

FTIR spectra of the LCB composite before and after P
adsorption are shown in Fig. 2b. A broad peak appeared
at 3425 cm™', which was caused by the bending vibra-
tions of water adsorbed on the material surface or the
vibrations of the H-O-H functional group on La(OH),
(Glemser 1959). The absorption peaks at 1384 and
1477 cm™! corresponded to the stretching vibrations of
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the primary alcohol §y; on the surface of the LCB. Sev-
eral new vibrational peaks were observed for LCB after
P adsorption. A P-O stretching vibration peak appeared
at 1053 cm™ and a shoulder peak at 1016 cm™?, belong-
ing to the v3 vibration of the PO,*>" group. The absorp-
tion peaks at 615 and 542 cm™! corresponded to the v4
vibration of the phosphate group (Yu et al. 2019). The
peak at 1630 cm™ was attributed to the -OH stretching
vibration of H,PO,~ (Shan et al. 2021). The appearance of
these vibration peaks confirms that the LCB successfully
adsorbed the P species. Simultaneously, the -OH bend-
ing vibration peaks at 1384 and 1477 cm™ disappeared
entirely for several flats, proving the —OH’s involvement
in the reaction.

The total XPS spectrum (Fig. 2c) shows that, after the
adsorption of P, a P 2p signal peak was detected on the
LCB, indicating that the LCB successfully adsorbed P. Fig-
ure 2f shows that the characteristic peak of P 2p appeared
at 134.0 eV, which is consistent with the spectrum of
KH,PO, (~134.0 eV) (Shan et al. 2021), thus indicating
that P was bound to LCB in the form of phosphate and
did not change its morphology. The signal peaks at 835.7
and 852.3 eV in Fig. 2e corresponded to La 3d;/, and La
3d;,, with a spin—orbit splitting energy of 16.6 eV, respec-
tively, and their satellite peaks were indicated at 839.0
and 855.8 eV, respectively (Shan et al. 2020). The La 3d
peak of LCB shifted toward a higher binding energy after
P adsorption, which indicates that the P ions may react

with the La—O functional group on the surface of LCB
to form the LaPO, inner sphere complex; the decrease in
the La—O functional groups in LCB from 30.1% to 27.8%
indicates its participation in the adsorption reaction. The
formation of such complexes facilitates the immobiliza-
tion of P ions on the adsorbent to remove pollutants from
the water column.

Figures 3a, b show the SEM images of the CB and LCB,
respectively. CB featured a natural honeycomb structure
comprising several relatively regular pentagons or hexa-
gons with an average size of ~25 um and a diverse pore
structure, thus rendering it suitable as a precursor for
modified adsorbent materials. The LCB maintained the
contour structure of the CB, although the membrane at
the bottom of the honeycomb cell cracked, allowing the
pores to connect. Hence, the specific surface area of the
LCB was much larger than that of the CB. The higher
specific surface area facilitates the diffusion of P from
the solution to the interior of the LCB, thus increasing
the number of adsorption sites and promoting the effi-
cient adsorption of P. The cell wall thickness of the LCB
honeycomb structure was~0.8 pum, which presents the
structural characteristics of a nanosheet. The elemental
profiles after the adsorption of P are shown in Figs. 3f—j.
A comparison with the mapping plot of the LCB showed
that the P signal appeared uniformly on the LCB, indi-
cating that P was successfully adsorbed onto the LCB.
The TEM image of the LCB shows a large number of
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LCB+P | 1 L pm

F LcB+P|~ 3 Epe
Fig. 3 a SEM images of CB; SEM images and EDS mapping of LCB (b-e)

longitudinal and transverse nanorods, and the lattice
stripe spacing in Figs. 3m, n analyzed by the DM software
is consistent with that derived from the XRD standard
spectra, indicating that this rod-like structure represents
La(OH);. As shown in Fig. 3m, the surface lattice of the
LCB exhibited deformation defects. The construction of
defects is considered to play an essential role in enhanc-
ing the activity of the adsorbent because it can effectively
increase the number of active sites and improve their
activity of the active sites (Huang et al. 2023; Lin et al.
2019). The mapping profile of the LCB after P adsorption
(Figs. 30-s) derived by TEM also detected the signal of P,
which is consistent with the SEM analysis.

3.2 Effect of initial solution pH

Figure 4a shows that the phosphorus uptake of LCB
increased and decreased with an increase in the pH of
the solution. At pH <2.15, the P in the solution appeared
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mainly in the form of H;PO, molecules (Li et al. 2021),
which inhibited effective contact between P and LCB,
thus resulting in a lower removal rate. When the pH was
between 3 and 10, the adsorption capacity of the LCB
was 39.9 mg P g~! at an initial concentration of 20 mg P
L~! and an adsorbent dosage of 0.5 g L™!. The P removal
rate exceeded 99.9%, indicating that the LCB extract can
be effectively utilized over a wide pH range.

At pH values exceeding 10, the significant increase
in —OH in the solution eventually weakened ligand
exchange (Li et al. 2023a). However, based on the zeta
potential test (Fig. 4b), the isoelectric point of the LCB
was 8 ( Fig. 4b). This indicates that when the pH of the
solution is less than 8, the surface of the LCB is positively
charged due to protonation, which causes it to be elec-
trostatically attracted to the negatively charged phos-
phate ions, resulting in P removal (Zhang et al. 2022).
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Table 2 La leakage from LCB at different pH values

pH 2 2.5 3

5 7 9 10 11

Leaching of La 1032mg L™ 658 mg L™ 1324 ug L™

03pug L™ 12ug L™ 14ugL™! 89 ug L™ 227 ug L™!

This proves that ligand exchange is vital for adsorption
when the solution pH exceeds 8.

To verify the stability of LCB, the leaching of La from
the LCB was examined under different pH conditions. As
shown in Table 2, lanthanum leaching was greater when
the solution pH was<3, indicating that the adsorbent
was less stable under strongly acidic conditions. La leach-
ing was below 150 g L™! at pH values between 3 and 11,
which is the maximum concentration of total La allowed
by Dutch law in freshwater (van Oosterhout et al. 2020).
In summary, when the pH of the solution was 3-10, the
removal rate of P could reach 99.9%, and the stability of
the LCB was high, indicating that it has a wide range of
applications.

3.3 Adsorption kinetics

Figure 4c shows that the P adsorption rate was initially
high and then decreased; the reaction stabilized when the
adsorption sites on the LCB were fully occupied. When

C, was 10, 20, or 50 mg P L7}, the adsorption reactions
stabilized at 20, 150, and 480 min, respectively, indicat-
ing high adsorption rates. The BET characterization
results showed that LCB featured a diverse pore struc-
ture, which can improve the diffusion rate and P adsorp-
tion efficiency of LCB.

The relevant parameters fitted using the two kinetic
models are listed in Table 3. The fitting coefficient (R?) of
the pseudo-second-order kinetic model was higher than
that of the pseudo-first-order kinetic model. The theoret-
ical adsorption amounts q, (20.0, 40.0, and 61.7 mg g™*)
fitted by the pseudo-second-order kinetic model were
more similar to the experimentally derived values (20.0,
40.0, and 63.6 mg g~') than those fitted by the pseudo-
first-order kinetic model. Therefore, the latter is more
consistent with the adsorption process, and the primary
adsorption mechanism is chemical adsorption (Jia et al.
2022).



Jia et al. Biochar (2023) 5:84

Table 3 Parameters of different adsorption kinetic models

Page 9 of 14

Co(mgP L Ge,exp (Mg P g”) Pseudo-first-order model Pseudo-second-order model

Gecal (MgPQ™")  ki(min™") g2 Gecal (MgPQg™")  ka(gmg '-min~) R
10 20.0 20.6 0.083 0.943 20.0 0.992 0.991
20 40.0 409 0.007 0.837 40.0 0.154 0.956
50 63.6 585 0.001 0.953 61.7 0.057 0.987

3.4 Adsorption isotherm

Standard adsorption isotherm models include the Lang-
muir, Freundlich, Temkin, and BET models (Neolaka
et al. 2020). Langmuir and Freundlich models are more
commonly used in liquid phase adsorption studies. The
Langmuir and Freundlich models are commonly used
in liquid-phase adsorption studies. The BET adsorption
isotherm is an adsorption isotherm model based on the
Brunauer—Emmett-Teller equivalent adsorbent surface
area and the Langmuir model, which is mainly used in
the field of gas adsorption(Erdogan 2019), and is there-
fore not suitable for our study. The Temkin model is
mainly used for the proposed adsorption isotherm model
based on its non-conformity with the Langmuir model
(Lu and Na 2022).

The Langmuir and Freundlich adsorption isotherm
models were used to fit the P adsorption process of the
LCB. Figure 4d shows the fitting curves of the two mod-
els for different initial P concentrations. The Langmuir
model exhibited a higher degree of fit. Table 4 shows
that the Langmuir model’s fitting coefficients (R?) were
all greater than 0.99, slightly better than those of the Fre-
undlich model. In addition, the theoretical maximum
adsorption capacities obtained from the Langmuir model
were almost identical to the actual measured values.
Reduced Chi-Sqr indicates the degree of direct difference
between the experimental and fitted values, the ratio
of the Chi-Square Test (%), and the degrees of freedom
(DOM). Therefore, this value can be used to indicate the
fitting error of different models, thus corroborating the
calculated coefficient of determination results. In nonlin-
ear fitting, the closer the value of Reduced Chi-Sqris to 1,

Table 4 Parameters of different isotherm models

the better the fit. Therefore, the Langmuir model is more
suitable for describing the adsorption of P by the LCB,
which suggests monomolecular layer adsorption. In con-
trast, the diverse pore structures inside the LCB facilitate
P passage, thus rendering it more active and enhancing
its removal efficiency.

3.5 Comparison with other adsorbents

Currently, most commercial P-removing agents are floc-
culants that achieve P removal through flocculation and
precipitation, whereas fewer P adsorbents are commer-
cially available. La-modified bentonite, developed by
the Commonwealth Scientific and Industrial Research
Organisation (CSIRO, Australia), is a widely used com-
mercial P adsorbent but still faces the disadvantage of
low adsorption capacity (~10 mg P g™!) (Zhang et al.
2021). Some of the reported La-based adsorbents are
listed in Table 5. Compared with them, LCB had a wide
effective pH range and a significant advantage in phos-
phorus adsorption capacity, which also indicates the
potential of LCB towards commercial phosphorus adsor-
bent materials.

3.6 Effects of coexisting ions

Wastewater typically contains various anions. When
the pH of the solution was below the isoelectric point
of the adsorbent, the surface of the LCB was positively
charged, which allowed it to interact electrostatically
and gravitationally with any anion, including phosphate,
to form outer-sphere complexes, thus resulting in com-
petition for P adsorption (Huang et al. 2022). As shown
in Figs. 5a, b, when thea concentration of competing ions

T (K) Ge,exp (Mg P g”) Langmuir Freundlich
K. (Lmg™") Gmax (MgP g™ R2 Reduced Ke (mg"™.L" n R2 Reduced
Chi-Sqr g’ Chi-Sqr
288 736 0.296 72.7 0.998 85 26.5 4.2 0.929 2531
298 753 0.251 76.1 0.991 0.6 484 9.6 0.971 19
308 80.2 0.256 783 0.995 0.8 498 9.9 0.963 6.3




Jia et al. Biochar

(2023) 5:84

Table 5 Comparison with other adsorbents

Adsorbent pH Adsorbent g.(mgPg~") Ref
dosage (g
L

LCNFS 2-7 - 20.2 (Zhang et al.
2016)

MFC@La(OH);  65-7 1 455 (Liu et al. 2018)

Mag-MSNs- 4-11 05 542 (Chenetal.

42%la 2019)

LPC@La(OH)5 3-7 1.25 319 (Liuetal. 2019)

La(OH);CsN, 411 1 484 (Yin et al. 2022)

LPS 4-10 06 504 (Jia et al. 2022)

PVDF-La(OH);  2-7 1 589 (Wang et al.
2022b)

LAB 3-6 0.5 703 (Wang et al.
2022a)

ML2-CGCS 3-8 14 39.2 (Wang et al.
2016)

3D La-CA 2-7 1 544 (Wang et al.
2023b)

LaATP/CS-0.1 3-9 1 1141 (Kong et al.
2023)

LCB 3-10 05 783 This work

®mo =50 =100 0200 (mgL™)
[T 87.3%

= ]

F s80,” Co,”

4
Co-existing anion

100%
40 = 934% 8919

I . 824%

1 2 3

4 5 6 7 8 9
Cycles
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was in 200 mg L™, CI~, F~, and SO,>~ had little effect
on the P removal of LCB, with inhibition rates of 2.4%,
2.7%, and 4.2%, respectively. Among the four typical ani-
ons, only the presence of CO,*" inhibited the adsorption
of P by the LCB because La,(CO3); has a lower solubil-
ity product constant than LaPO, and thus binds more
readily to La®*. However, even when the concentration of
CO,>" reached 200 mg L7, the P removal efficiency of
the LCB was 87.3% of its original level, which indicates
that the LCB  had a high selectivity for P adsorption,
surpassing that of most reported P adsorbents (Jia et al.
2023a; Shi et al. 2019).

3.7 Reusability of LCB

The regenerative capacity of an adsorbent is critical
because it directly affects cost. Therefore, the regen-
erative performance of the LCB was investigated. The P
removal capacity of the LCB decreased at higher pH val-
ues, and the final pH value increased after adsorption,
which indicates that under highly alkaline conditions, the
concentration of OH™ is high, and the LCB may undergo
desorption and release the adsorbed P back into the solu-
tion. Therefore, 1 M NaOH was used as the desorbent.

Cr
b 15
10
5
92.4%
, 12.8% i
COy —c\o /ez.;mu F
~~g42%
S0
d 06
Ll ﬁ -----
|
o 1st
2041 L o
Eo_s | ® 3th
) Flow rate: 20 BV h”
£ 02f Sampling: h”
5 :g dfp ampling:
S04} © PH: 5.7
o ﬁ Cy2mgP L
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Bed volume (BV)

Fig. 5 a Effect of coexisting anions on P adsorption; b Inhibition of P- removal by the presence of competing ions; (Experimental conditions: 298 K;
20mgP L3 h;05 g L™ N.¢ Recycling of LCB under static conditions; d Fixed bed experiment
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As shown in Fig. 5c, after the ninth adsorption—desorp-
tion cycle, the adsorption capacity of LCB was 82.4% of
its initial capacity, indicating that LCB exhibited satisfac-
tory regenerative performance, surpassing that of most
reported P adsorbents (Feng et al. 2021; Tao et al. 2022).

3.8 Fixed-bed column adsorption experiment
The effectiveness of the LCB in removing low concen-
trations of P in a continuous flow was evaluated using a
fixed-bed column adsorption experiment. The inorganic
glass column was filled with a mixture of LCB and quartz
sand, which was tested in advance due to quartz sand’s
lack of P adsorption. The quartz sand and LCB sizes were
80-120 mesh and 100 mesh, respectively. The column
volume was 30 cm?; therefore, the volume of one bed
(BV) in this experiment was 30 mL. A 2 mg P g™* solution
was prepared as the feed liquid, and a peristaltic pump
(Longer-DG15-24) was used to control the feed flow rate
at 20 BV h™'. Samples were taken every 0.5 h until the
breakthrough point was reached, 0.5 mg P g~!, which
is the primary discharge standard for TP in the effluent
of wastewater treatment plants as stipulated in the Dis-
charge standard of pollutants for municipal wastewater
treatment plants (<0.5 mg P L7%, P element, GB 18918—
2002, China) set by China (Shan et al. 2020). When the P
content of the effluent reached the breakthrough point,
the filler in the column was desorbed in situ for 8 h, and
NaOH (1 M) was used as the desorbent.

Figure 5d shows that the first fixed-bed experiment
could effectively treat 430 BV of P-containing wastewa-
ter; 1 g of LCB could treat~26 L. The second and third

PK1=2.15
H3PO, &
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was greater than the repulsive force, and the P species
were adsorbed. When the pH of the solution is higher
than the isoelectric point of the adsorbent, the surface of
the adsorbent is generally electronegative. The electro-
static repulsive effect of negatively charged phosphate is
greater than the gravitational effect, and the adsorption
between the two is inhibited, resulting in a lower adsorp-
tion efficiency (He et al. 2023). The isoelectric point
of the LCB was determined to be 8. However, LCB still
exhibited a high P adsorption efficiency when the initial
pH of the solution ranged from 8 to 10, which indicates
that other forces were involved in the adsorption process
of P by LCB, namely ligand exchange. The surface of the
metal-based adsorbent (metal oxide or metal hydrox-
ide) is occupied by numerous surface hydroxyl (—OH)
groups, as shown in the FTIR spectrum in Fig. 2b. In
the ligand-exchange process, phosphate ions form cova-
lent bonds with metal ions on the surface of the LCB,
which causes the —OH component previously bound to
the metal ions to be replaced by phosphate ions (Wang
et al. 2023a), resulting in their release into the solution,
which explains the increase in the pH of the remaining
solution compared to that of the initial solution after the
adsorption process (Fig. 4a). The adsorption mechanism
involved hydrogen bonding, and the FTIR results showed
that the LCB contained numerous hydroxyl functional
groups that interacted with phosphate. LCB  bound to
phosphate by accepting or providing hydrogen bonds;
however, hydrogen bonds are generally weaker than the
formation of inner complexes during ligand-exchange
interactions (Moumen et al. 2022). Fig. 6 shows the
P-adsorption mechanism of the LCB.

HPO; + HT 57 HpoY + 1t PSP pod 4+ Ht (1)

most effective treated water volumes were 370 and 300
BV, 86.0% and 69.8% of the initial volume, respectively.
Dynamic adsorption—desorption experiments better
reflect the real situation of LCB applications in actual
water bodies. Compared with the static adsorption—des-
orption experiment in Fig. 5c, the number of recycling
cycles and removal efficiency of LCB decreased; however,
the adsorbent, LCB, was still very competitive compared
with similar studies (Wang et al. 2020; Yin et al. 2022).

3.9 Adsorption mechanism

The P species appeared in the form of anions when the
solution pH exceeded 2.15, as shown in Eq. 1. When the
pH of the solution was lower than the isoelectric point of
the adsorbent, its surface was electropositive, the attrac-
tive force between the adsorbent and the phosphate ions

4 Conclusions

This study used cork waste generated by the wood fur-
niture manufacturing industry as a biomass material to
adsorb P from wastewater. The diverse honeycomb pore
structure of the cork suggests that it can serve as an
excellent carrier material. After activation by KOH, the
specific surface area of CB increased by approximately 30
times, which can provide a reference value for increasing
the SSA of materials. The LCB exhibited a high P removal
rate (>99.9%) in the initial solution (pH 3-10), indicating
its wide applicability. The maximum adsorption capacity
of LCB for P was 80.2 mg P g™* (280.4 mg P g~! La™).
In addition, the results of up to nine cycles of adsorp-
tion—desorption reuse experiments and the adsorption
effect of P in actual wastewater indicate the high practical
application prospects of LCB. In summary, an adsorption
and P removal reaction system was established in this
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Fig. 6 Adsorption mechanism of LCB for P removal

study based on an LCB with a porous honeycomb struc-
ture, which provides technical support for the synthesis
of new adsorbents and P removal from wastewater.
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