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Abstract

In this study, magnesium-modified dual-sludge biochar (Mg@DSB) was synthesized using
paper mill sludge, iron-based waterworks sludge, and magnesium ions as raw materials for
the removal of phosphorus from the water. After characterizing the material, static adsorption
experiments were conducted to evaluate its performance in phosphorus removal. The results demonstrate
that within the pH range of 3 to 9, the adsorption capacity of Mg@DSB for phosphorus increases with
rising pH levels. The adsorption process is well described by the pseudo-second-order kinetic model
and the Langmuir isotherm. Thermodynamic analysis reveals that the adsorption of phosphorus by
Mg@DSB is a spontaneous and endothermic process. The coexistence of CI°, NO,", SO,*, and sodium
humate all significantly impaired the material’s phosphorus uptake (p<0.05), with the three inorganic
anions exerting a stronger suppressive effect than sodium humate (p<0.05). Nevertheless, increasing
the concentration of any interferent did not lead to a further reduction (p>0.05). Mg@DSB enables
highly efficient phosphorus removal from both the influent and effluent of a wastewater treatment plant.
Mechanistic analysis further elucidates that the removal of phosphorus by Mg@DSB is driven by
electrostatic adsorption and chemical precipitation.
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Introduction

Phosphorus (P) is an essential element for plant
growth [1], and is also widely used in industries such
as electronics, daily chemicals, and metal processing.
Therefore, P in the form of PO/ enters water
bodies through pathways such as phosphate mining,
fertilizer ~manufacturing, agricultural production,
food processing, waste treatment, and wastewater
discharge, leading to eutrophication of water bodies and
subsequently damaging aquatic ecosystems [2-4]. Thus,
effective treatment of P-containing wastewater is highly
necessary.

Currently, adsorption has proven highly effective for
eliminating diverse aqueous pollutants, P included [5-8].
Among available adsorbents, biochar (BC) is especially
prized for P removal because it is inexpensive,
produced from abundant biomass, and requires only a
straightforward manufacturing process [9, 10]. However,
pristine BC surfaces are typically negatively charged,
which creates electrostatic repulsion with PO,
resulting in unsatisfactory adsorption performance [11,
12].

Modification with Mg and Fe is widely used to
enhance the P adsorption performance of BC [13].
Mg modification can improve P adsorption through
the reaction between Mg* and PO_/". For example,
Liu et al. [14] modified peanut shell BC with MgCl,
for P adsorption from water. The results showed that
the Langmuir adsorption capacity for P of the pristine
BC was 70.09 mg/g, while the maximum P adsorption
capacity of the modified BC reached 150.16 mg/g.

Modification of BC with Fe”and Fe,O, not only
enhances the P adsorption performance of the material
but also imparts magnetism, facilitating solid-liquid
separation after adsorption. For example, as shown in
the study by Ren et al., Fe® modified reed straw biochar
achieved a maximum saturated aqueous P adsorption
capacity of 95.2 mg/g [15]. Gong et al. prepared
La-modified magnetic sewage sludge biochar via
a one-pot hydrothermal method for P adsorption from
water. The results showed that its monolayer saturated
P adsorption amount was as high as 79.42 mg/g at 25°C
[5].

The papermaking industry produces a significant
volume of sludge, yet effective resource utilization
technologies for this waste remain limited. Given
that paper mill sludge (PMS) is abundant in lignin,
cellulose, and hemicellulose, it serves as an excellent
feedstock for biochar production [16, 17]. In an effort
to boost the P adsorption capacity of BC derived from
PMS, we propose a novel approach utilizing iron-
based waterworks sludge (IBWS) from water treatment
plants as a source of iron to enhance its P adsorption.
By blending these two types of sludge in an optimal ratio
and subjecting the mixture to high-temperature pyrolysis
under anoxic conditions, we aim to synthesize dual-
sludge BC. Furthermore, we plan to further enhance
its P adsorption performance through modification

with magnesium ions. This innovative research not
only addresses the challenge of waste management
for both PMS and waterworks sludge but also offers a
sustainable solution for P adsorption and removal. Our
findings are expected to provide valuable insights and
practical guidance for the resourceful utilization of these
industrial by-products and the development of efficient P
removal technologies.

Materials and Methods

PMS and IBWS used in this study were sourced
from Xinmi, Henan Province, and Huludao, Liaoning
Province, respectively. MgCl-6H O (Tianjin Kemiou
Chemical Reagent Co., Ltd). A mixture was prepared
by combining 1 g of IBWS, 3 g of PMS, and 25.1 g
of MgCl,-6H,0 in a 300 mL beaker, with mass ratios
of IBWS:PMS: Mg* = 1:3:3. Subsequently, 100 mL of
distilled water was added to each mixture. The mixtures
were stirred at a speed of 400 rpm using a magnetic
stirrer (Changzhou Surui Instrument Co., Ltd., SR-
MS-6D) for 1 h, followed by a standing period of 11 h.
The supernatant was then removed, and the residues
were dried in a drying oven at 70°C for 24 h, ground,
and passed through an 80-mesh sieve.

The resulting mixtures were placed in a quartz boat
inside a tube furnace (T-1200NT, Zhengzhou Tianzong
Electrical Equipment Co., Ltd.). Nitrogen gas was
introduced into the furnace at a flow rate of 300 mL/min
to displace the air. After 30 min, the furnace was heated
at a rate of 15°C/min to 600°C under a continuous
nitrogen flow and maintained at this temperature for
90 min. After the reaction was complete, the furnace
was allowed to cool to room temperature, with nitrogen
gas continuing to flow for an additional 2 h. The final
black product obtained was identified as magnesium-
modified dual-sludge biochar (Mg@DSB). This material
was ground again, passed through an 80-mesh sieve,
and stored in a sealed container for further use.

Static Adsorption Experiment

Static P adsorption tests were conducted under
two scenarios: (1) 0.04 g Mg@DSB was dispersed in
25 mL of synthetic P-containing wastewater whose pH
was systematically varied; (2) 0.005-0.02 g Mg@DSB
was contacted with 25 mL of either raw sewage or final
effluent sampled from a municipal wastewater-treatment
plant in Weihui, Henan Province.

For the static adsorption experiment, 0.04 g of
Mg@DSB was added to a 50 mL flask containing
25 mL of simulated P-bearing wastewater with
varying pH values. The flask was maintained at
a constant temperature and placed in a shaker
operating at a speed of 120 rpm. After shaking for
a period of time, the mixture was removed and
filtered through a 045 pm filter membrane. The
residual P concentration in the filtrate was measured
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using the molybdenum-antimony spectrophotometric
method [18] at a wavelength of 700 nm, employing
a spectrophotometer (752G, Shanghai INESA Scientific
Instrument Co., Ltd.). Each experiment was performed
in triplicate, and the average value was used for
subsequent analysis to ensure data reliability.

Results and Discussion
Characterization
BET Specific Surface Area and Pore Information

As depicted in Fig. 1, in accordance with
the classification of adsorption isotherms established by
the International Union of Pure and Applied Chemistry
(IUPAC), the Mg@DSB composite exhibits a Type IV
isotherm, along with an H3 hysteresis loop. Typically,
materials that display an H3 hysteresis loop are
characterized by a lamellar particle structure. The BET
specific surface area, total pore volume, and average
pore size of this composite have been determined to
be 44.446 m?/g, 0.110 cm*g, and 9.910 nm, respectively
(Table 1). These characteristics collectively indicate that
Mg@DSB is a typical composite material featuring both
micropores and mesopores [19, 20].

SEM Image
As depicted in Fig. 2a) and b), the morphology of

Mg@DSB prior to adsorption reveals a surface that is
densely populated with lamellar structures, which are
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Fig. 1. N, adsorption-desorption curve of Mg@DSB.

Table 1. BET specific surface area and pore information of
Mg@DSB.

S Total pore | Average pore
Sample (m‘giT) volume size
¢ (cm’/g) (nm)
Mg@DSB 44.446 0.110 9.910

irregular in shape and diverse in size. This observation
aligns well with the material structure indicated by the
H3 hysteresis loop. Following the adsorption process,
these lamellar structures vanish, and the material
surface becomes adorned with spherical particles.
Consequently, the overall structure of the material takes
on a more porous and fluffy appearance (Fig. 2¢) and d)).

Fig. 2. SEM images before P adsorption a) 16K and b) 50K, and
after P adsorption c¢) 16K and d) 50K.
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Fig. 3. XRD pattern of Mg@DSB.

XRD Analysis

As shown in Fig. 3, the diffraction peaks at
42.46°, 61.62°, 77.92°, and 78.14° for Mg@DSB are
attributed to carbon (C), corresponding to the crystal
plane reflections at (020), (220), (301), and (002) [21].
The peaks at 30.08°, 35.48°, 53.66°, 62.32°, and 73.92°
are assigned to Fe,O,, matching the crystal plane
reflections at (112), (103), (132), (400), and (305) in
[22]. Additionally, the peaks at 37.04°, 42.90°, 62.32°,
74.76°, and 78.74° are attributed to MgO, corresponding
to the crystal plane reflections at (111), (200), (220),
(311), and (222) as listed in [23].

Static P Adsorption
Effect of Starting Solution pH

Fig. 4 illustrates that as the solution pH rises from
3 to 9, the zeta potential of the material drops from
30.4 mV to -42.5 mV. The pHpZC of Mg@DSB is around
pH = 4.54. Below this value (pH<4.54), Mg@DSB’s
surface is positively charged, while above pH 4.54,
it becomes negatively charged. Correspondingly,
the adsorption of P from water by the material also
increases significantly, ranging from 18.14 mg/g to
27.51 mg/g as the pH increases from 3 to 9.

At pH 2, P exists predominantly as H,PO,. As the pH
increases to 4.54, P primarily adopts the form of H,PO,".
This form readily engages in electrostatic interactions
with the positively charged surface of Mg@DSB,
enhancing the adsorption of P. However, when the pH
rises from 4.54 to 9, the existing form of P shifts from
H,PO, to HPO*". In this higher pH range, the material
surface acquires negative charges, and electrostatic
repulsion between the negatively charged P species
and the material surface would typically be expected
to reduce adsorption. Yet, contrary to the expectation
that adsorption would decrease due to electrostatic
repulsion, the adsorption of P actually increases.
This counterintuitive phenomenon is attributed to the
enhanced precipitation of P as the aqueous pH values
rise, a finding reported by Haddad et al. Their research
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Fig. 4. P adsorption and zeta potential variation as a function of
pH (C, = 50 mg/L, Time = 4 h, Temperature = 25°C).

revealed that P adsorption by B-Mg600 increased from
29.5 mg/g to 37.9 mg/g as the pH increased from 3 to 11
[24].

Adsorption Kinetics

Fig. 5a) illustrates P adsorption by Mg@DSB
over time. It is evident that each adsorption process
comprises an initial rapid adsorption phase, lasting for
the first 30 min. This rapid phase is attributed to the
abundance of active sites on the surface of Mg@DSB,
which allows for efficient adsorption, achieving 43.0%
and 46.5% of the total adsorption capacity, respectively.
Subsequently, the reaction transitions into a slower stage
as the active sites on the surface of Mg@DSB gradually
become saturated and decrease in availability.

Adsorption kinetics is chiefly concerned with
elucidating the dynamic interaction between adsorbents
and adsorbates. By employing various adsorption kinetic
models to fit experimental data, it becomes possible to
predict the removal efficiency of the adsorbate, establish
the temporal profile of residual adsorbate concentrations
in solutions, and gain insights into the underlying
mechanisms governing the adsorption process. In this
study, the pseudo-first-order kinetic model, the pseudo-
second-order kinetic model, and the Elovich Kkinetic
model (Equations (1-3)) are utilized to simulate the
removal process of P by Mg@DSB.

In(qe — q¢) = Inge — Kyt (1)
t 1 1
—_ = =t
% ok | ae ()

=1, . 1,
de =7 In(a B)+B Int 3)

where q, (mg/g) and q, (mg/g) are P adsorption at
equilibrium and at time t, respectively. K, (I/min)
and K, (g/mgmin) are the pseudo-first-order
and pseudo-second-order rate constants, respectively.
o (mg/g'min) and B (g/mg) are the initial adsorption rate
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40 and the desorption constant, respectively. The fitting
35t results are shown in Fig. 5(b-d).
30} As shown in Table 2, under the two initial
_ 25l concentrations, the R* values of the pseudo-second-order
§20» kinetics are closest to 1. Meanwhile, the equilibrium
F sl adsorption capacities (q,) obtained from the equation
fitting, which are 25.39 mg/g and 35.53 mg/g for
10¢ —=— 40mg/L C,= 40 mg/L and 80 mg/L, respectively, are closer to
51 — 80mg/L the experimental values (24.4 mg/g and 34.4 mg/g).
0 200 400 600 800 1000 1200 Therefore, the. adsorptiqn process follows pseufio—
Time/(min) second-order kinetics. This also indicates that chemical
4 adsorption plays a dominant role in this reaction process
. ® [25].
3+
2 Adsorption Isotherms and Thermodynamic Studies
=
»:f I The relationship between the equilibrium adsorption
T oot capacity g, and the equilibrium concentration C, at
three predetermined temperatures is illustrated in
1 ' Fig. 6a). The results indicate that higher temperatures
) - . . . . . significantly enhance P adsorption. To elucidate
0 200 ;gge,(lgg?) 800 1000 the adsorption mechanism of P adsorption by Mg@DSB,
the Langmuir and Freundlich models (Equations (4)
500 (o) and (5)) are applied to conduct linear fitting on the
experimental data. The fitting results are presented in
40 Fig. 6b) and c¢).
0 Ce_ 1, Ce
= 2010 Je dm'KL  dm (4)
1
10 . domgL Inge = InK¢ + — - Inc, 5)
0f = *  80mg/L
0 200 400 600 800 1000 1200 Where q, (mg/g) and C, (mg/L) represent the
Time/(min) amount of P adsorbed per unit mass of adsorbent and
the concentration of P in the solution at equilibrium,
respectively. q = (mg/g) is the theoretical saturation
adsorption capacity, K, is the Langmuir adsorption
constant, and K, and n are the Freundlich adsorption
constants.
The fitting parameters are shown in Table 3. It can be
observed that under the three reaction temperatures, the
R? values of the Langmuir model are all close to 1 and
significantly higher than those of the Freundlich model.
This indicates that the adsorption of P better conforms

Int

Fig. 5. a) Kinetic curves of P adsorption by Mg@DSB, b) linear
fitting using the pseudo-first-order model, ¢) pseudo-second-
order model, and d) Elovich model (pH = 7.0, Temperature
=25°C).

to the Langmuir model, suggesting that the adsorption
process is a monolayer adsorption [25].

To  further investigate the thermodynamic
characteristics of the adsorption process, three
thermodynamic parameters, including standard free
energy change (AG"), standard entropy change (ASY),

Table 2. Fitting parameters of kinetic equations for the adsorption of P by Mg@DSB.

C, Pseudo-first-order Pseudo-second-order Elovich

(mg/L) q, K, R q. K, R o B R
40 15.64 0.00373 0.950 25.39 0.0006 0.996 2.07 0.2593 0.978
80 20.49 0.00405 0.949 35.53 0.0006 0.997 3.91 0.1930 0.993
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Fig. 6. a) Isotherms of P adsorption by Mg@DSB, b) the linear fitting results of the Langmuir model, ¢) the Freundlich model,

and d) the relationship between InK, Vs. 1/T (pH = 7, Time = 24h).

Table 3. Parameters of the Langmuir and Freundlich models and thermodynamics.

Langmuir Freundlich
T(K)
q, K, R K, n R AG° AH° AS°
288 36.98 0.137 0.995 15.591 4.502 0.815 -11.781
298 38.21 0.195 0.997 13.882 4.154 0.835 -13.064 19.80 0.11
308 39.38 0.234 0.995 11.572 3.682 0.822 -13.970

and standard enthalpy change (AH’), were calculated
using the following Equations (6-8).

AG® = —RTanL (6)

AG® = AH® — T - AS® (7)

-AG® _ AS®  AHO

Ink, =<7 R RT (8)

Where AG® represents the change in Gibbs free
energy (kJ/mol), AS° denotes the standard entropy
change (J/mol'’K), and AH® indicates the standard
enthalpy change (kJ/mol). The distribution coefficient,
K, is the Langmuir adsorption constant (L/g). R is the
universal gas constant (8.314 J/mol‘K), and T represents
the reaction temperature in Kelvin (K).

As indicated in Table 3, AG® values of the reaction
are negative, and their absolute value grows larger as
the temperature increases. This trend confirms that the
adsorption of P occurs spontancously [27]. Moreover,

the positive values of AS° indicate that the adsorption
process is driven by an increase in disorder and an
enhancement of the stoichiometry at the solid-liquid
interface. Meanwhile, the positive AH® suggests that the
adsorption is endothermic in nature [28].

Effect of Coexisting Interfering Substances

P predominantly occurs in aquatic systems as
oxyanions. Accordingly, we evaluate how three common
inorganic anions (CI', NO,, and SO,") affect its
adsorption. Because dissolved organic matter can also
interfere, sodium humate is chosen as a model organic
ligand, and its impact on the P-uptake capacity of Mg@
DSB is quantified in parallel. Fig. 7 shows that all four
interferents significantly reduced P removal (p<0.05).
The inhibition is attributed to direct competition for
surface-active sites among CI', NO,”, and SO42’ and
the humate anions released upon dissolution of sodium
humate. Raising the concentration of any individual
interferent does not further suppress P adsorption
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Fig. 7. Effect of coexisting ions on P adsorption (C = 75 mg/L,
Time =4 h, pH = 7.0, Temperature = 25°C).

(p>0.05). At every concentration, the three inorganic
anions perform indistinguishably from one another
(p>0.05), but sodium humate consistently produces
the smallest decrease (p<0.05), underscoring its higher
affinity for the Mg@DSB surface than the three
inorganic anions.

P Elimination from Authentic Wastewater

To assess the real-world performance of P adsorption
by Mg@DSB, influent and effluent samples were
collected from a municipal wastewater treatment plant
in Weihui, Henan Province, and used for P adsorption
tests. Raw influent (RI), filtered influent (FI), and
final effluent (FE) contain 3.53, 2.84, and 0.16 mg/L
P, respectively. Fig. 8 shows that the specific P uptake
from all three matrices declines as the composite dose
increases, reaching a maximum of 13.31 mg/g for RI
at 0.005 g. In contrast, P removal efficiency rises with
dose: the lowest value (75%) is recorded for RI at
0.005 g, whereas complete removal (100%) is achieved
for all samples at 0.02 g. These results confirm that
the synthesized material efficiently removes P from
authentic wastewater.

16 + +4100

P uptake(mg/g)
Removal rate(%)

0.005 0.010 0.015 0.020
Mg@DSB dosage (g)

Fig. 8. P elimination from authentic wastewater by Mg@DSB
(Temperature = 25°C, Time = 4 h, pH = 7.2).

P Adsorption Mechanism Exploration

As previously discussed, when the solution pH falls
below pH,, ., the positively charged surface of Mg@DSB
can effectively adsorb H PO, via electrostatic attraction.
Meanwhile, the findings from the adsorption kinetics
studies reveal that chemisorption is the predominant
mechanism  governing the adsorption process.
Additionally, the results of adsorption isotherms and
thermodynamic analyses demonstrate that P undergoes
monolayer adsorption onto Mg@DSB, and this
adsorption process is characterized as an endothermic
reaction that occurs spontanecously.

The full XPS spectra depicted in Fig. 9a) reveal a
significant change upon adsorption, with the emergence
of a characteristic peak for P, thereby confirming that
P has been effectively adsorbed onto the composite’s
surface. A closer examination of the high-resolution
spectrum (Fig. 9b)) pinpoints the P 2p peak at 132.6 eV,
which is assigned to the P-O [29].

As shown in Fig. 9c), the Mg Is peak initially
observed at 1304.3 eV prior to adsorption is attributed
to Mg*, and the peak shifted to 1303.9 eV after P
adsorption [30, 31]. This shift and the emergence
of the new peak (1303.1 eV) in Fig. 9d) strongly suggest
that a chemical reaction has taken place between
Mg?* and P, resulting in the formation of a precipitate.
The reaction can be succinctly represented as Equation

) 32]:
Mg?* + HPO2~ - MgHPO, ©)

Fig. 9¢) and f) present the high-resolution spectra
of Fe 2p before and after the adsorption process.
The peaks at 710.8 and 724.3 eV are indicative of Fe(Il)
[33, 34], whereas the peaks at binding energies of 714.8
and 727.8 eV are assigned to Fe(III) [35, 36].

Upon completion of the reaction, notable shifts
in the peak positions of both Fe(Il) and Fe(Ill) were
detected. Specifically, the peak area of Fe(III) increased
significantly from 17.54% to 28.32%, whereas the peak
area of Fe(Il) decreased considerably from 65.48% to
46.88%. This change is likely a result of Fe(Il) being
oxidized to Fe(III), which subsequently reacted with P,
facilitating its adsorption [37, 38].

The primary reactions involved are represented as
Equations (10-12):

4Fe®* 4 0, + 2H,0 - 4Fe®* + 40H™ (1
Fe3* + 3H,P0; — Fe(H,P0,)3 (11)
2Fe3* + 3HPOZ™ — Fe,(HPO,); (12)

To sum up, the mechanism underlying the adsorption
of P by Mg@DSB is primarily achieved through
electrostatic adsorption and chemical precipitation.



Jingxi Tie, et al.

Before adsorption
—— After adsorption

Intensity

Y

(@)

1200 1000 800 600 400 200 0
Binding energy(eV)

(© Mg 1s

1304.30eV

%ensity(a.u.)

1308 1306 1304 1302 1300
Binding energy(eV)

(e) Fe 2p

724.30eV 710.80eV

A

Inteé(a.u.)

718.80eV

e

735 730 725 720 715 710 705
Binding energy(eV)

(b) P2p

132.60eV

Intensity(a.u.)

138 136 134 132 130 128
Binding energy(eV)

(d) Mg 1s

Mg2+

1303.90eV 1303.10eV

Entensity(a.u.)

1308 1306 1304 1302 1300
Binding energy(eV)

® Fe 2p

724.53¢V 711.20eV
715.006V

% u.)

Intensi

719.20eV

W ) e‘mc‘m“kﬂ

735 730 725 720 715 710 705
Binding energy(eV)

Fig. 9. a) Full XPS spectra of Mg@DSB before and after P adsorption, b) the detailed survey of P after P adsorption, ¢) Mg before and

d) after P adsorption, ¢) Fe before and f) after P adsorption.

Conclusions

This study aims to achieve both the resource
recovery of solid waste and the removal of P from water.
To this end, we utilized paper mill sludge and water
treatment plant sludge as raw materials, combined with
magnesium ions as a modifier, to develop magnesium-
modified dual-sludge biochar (Mg@DSB) for the
adsorption and removal of P from water. The primary
findings are summarized as follows: As the pH of the
simulated P-containing wastewater is raised from
3 to 9, the adsorption capacity of the material for P
increases significantly from 18.14 mg/g to 27.51 mg/g.
Among the three kinetic models evaluated, the pseudo-
second-order kinetic equation emerges as the most
suitable descriptor of the adsorption process, thereby
indicating that chemisorption is the predominant
mechanism. The adsorption isotherm data closely

align with the Langmuir equation, suggesting that
monolayer adsorption is the primary mode of P uptake
by the material. Thermodynamic analysis reveals that
the adsorption of P by the material is a spontaneous
and endothermic process. All four aqueous interferents
markedly suppressed P adsorption (p<0.05), but raising
their concentrations brought no additional significant
decrease (p>0.05). Among them, the three inorganic
anions diminished P removal more strongly than
sodium humate (p<0.05). Mg@DSB can remove P
from the influent and effluent of a sewage treatment
plant efficiently. A comprehensive evaluation of the
adsorption experiments and material characterization
results indicates that P adsorption by Mg@DSB is
mainly driven by electrostatic adsorption and chemical
precipitation.
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