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Abstract Aiming at the problem of complex treatment for energy solid waste—biomass ash (BA)

from thermal power plant and difficult recovery for phosphorus and ammonia nitrogen in sewage

sludge supernatants, a coupled MgO-biomass ash (CMBA) was established. CMBA composites

were synthesized by in situ thermal-precipitation modification method, which simultaneously

achieved recovery of phosphorus and ammonia nitrogen and BA resource utilization, and explored

the potential of recovered CMBA (RCMBA) containing phosphate and ammonia nitrogen to

remove heavy metal from wastewater. The results showed that magnesium oxide could be effectively

loaded on the surface of BA at an MgCl2 concentration of 1.25 M and calcination temperature of

400 �C. pH, adsorbent dosages and initial concentration affected the adsorption capacity of phos-

phate and ammonia nitrogen by 400CMBA. The existence of Kþ, Ca2þ and Mg2þ ions promoted

the removal of phosphate by 400CMBA, but hindered the removal of ammonia nitrogen. The exis-

tence of Cl-, NO2
- and SO4

2- ions affected the removal of phosphate by 400CMBA. The adsorption

processes of 400CMBA for phosphate and ammonia nitrogen can be used with the Langmuir-

Freundlich model and the pseudo-second-order model reaching a maximum adsorption capacity

of 262.88 mg/g and 122.39 mg/g, respectively. The adsorption behavior was controlled by several

processes, spontaneous and thermogenic chemisorption. The saturated adsorbent can be effectively

regenerated in 0.1 M HCl solution. After the fifth regeneration, the phosphate and ammonia nitro-

gen removal rates were less than 50% and 25%, respectively. The adsorption mechanisms of phos-

phate and ammonia nitrogen by 400CMBA were mainly physical adsorption, electrostatic

attraction, ion exchange, complexation reaction and chemical precipitation, among which chemical

precipitation was dominated by struvite crystallization was dominant. In addition, RCMBA had a

specific removal effect on heavy metal in solutions. Overall, this work provides a feasible way for
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the resource utilization of energy solid waste-BA from thermal power plant.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With further stringent wastewater discharge standards, more and more

intensive denitrification and phosphorus removal processes are being

applied, resulting in more phosphorus and ammonia nitrogen present

in the sewage sludge supernatant (Doyle and Parsons, 2002). However,

excess phosphate and ammonia nitrogen in sludge will be rereleased

into sewage sludge supernatants again due to hydrolysis in anaerobic

sludge digestion treatment. In addition, the supernatant contains high

concentrations of organic substances, as well as small amounts of

major and minor cations and anions. Excessive discharge of phospho-

rus and ammonia nitrogen in sewage sludge supernatants will lead to

water eutrophication (Dithmer et al., 2015), and causes a decrease in

dissolved oxygen levels and cyanobacterial toxin production. What’s

more, toxic substances released by eutrophication may accumulate

through the food chain and threaten human health (Amirbahman

and Lake, 2013; Conley et al., 2009; Pei et al., 2015). On the other

hand, the reserves of phosphorus in nature are limited. As a non-

renewable and indispensable resource, the reserves of phosphorus com-

pounds have been drastically reduced with the further development of

agriculture and industry (Bacelo et al., 2020). Facing with the current

phosphorus scarcity, it is of great practical importance to develop eco-

friendly technologies to prevent eutrophication and simultaneously

recover phosphorus and ammonia nitrogen from sewage sludge

supernatants.

In recent years, many water pollution control technologies have

been developed, including biodegradation, ion exchange, adsorption,

and membrane separation (Huo et al., 2012). However, these methods

have inherent limitations such as difficult operation, low efficiency, and

high energy. Among them, adsorption is a more attractive method,

because it has the advantages of high selectivity, easy operation and

cost-effectiveness, and has been widely used in industrial wastewater

treatment (Bhatnagar et al., 2011). However, high cost, low renewabil-

ity, and difficulty in disposal after use have hindered the application of

conventional adsorbents (e.g., activated carbon, ion exchange resins,

zeolites) in developing countries (Lima et al., 2012; Nguyen et al.,

2014). In response to these challenges, more and more researchers

are focusing on the development of high-performance, low-cost, recy-

clable, and easy-to-use new adsorbents from agricultural waste, natu-

ral minerals and industrial by-products for phosphate and ammonia

nitrogen recovery (Fan et al., 2021; Kadirova et al., 2014; Nguyen

et al., 2014; Oginni et al., 2020; Xiao et al., 2021).

As a kind of renewable energy generation, biomass power genera-

tion has become one of the strategies to solve the energy crisis in some

developed and developing countries. As a largely agricultural country,

China is very rich in biomass resources. Since the promulgation of the

Renewable Energy Law in 2003, biomass power generation technology

has developed rapidly (Zhou et al., 2012). In addition, according to the

development goals proposed in the 14th Five-Year Plan, it is deter-

mined that by 2025, the non-electric utilization scale of geothermal

energy heating, biomass heating, biomass fuel, and solar thermal uti-

lization will reach >60 million tons of standard coal. However, in bio-

mass thermochemical conversion to energy production, the problem of

biomass ash (BA) production and accumulation is more and more seri-

ous, which brings many threats to human health and environmental

quality. Recently, it has been reported that BA can be used as a good

loading matrix for the adsorption of heavy metal ions or treatment of

eutrophic wastewater. BA is a kind of biomass solid product with a

porous surface, specific surface area and pore structure (Barbosa

et al., 2013; Xu et al., 2016). Using BA to treat wastewater containing

nitrogen and phosphorus can achieve the purpose of treating waste
with waste. However, the unmodified BA has limited adsorption per-

formance for phosphate and ammonia nitrogen, and is not easy to sep-

arate and collect. Therefore, it is necessary to further modify or

functionalize BA to improve its adsorption capacity for phosphate

and ammonia nitrogen.

Studies have shown that some metals (e.g., magnesium, iron, cal-

cium, and aluminum) contribute to the removal of phosphate and

ammonia nitrogen from eutrophication wastewater (Zeng et al.,

2020), but there is a disadvantage of high reagent cost and no eco-

nomic benefit (Liu et al., 2018). Recently, some researchers have

pointed out that some metal oxides (e.g., magnesium oxide and cal-

cium oxide) can be used as an economical environmental material,

which can be loaded onto the surface of the material through different

chemical modification methods to obtain adsorption materials with

high adsorption performance (Li et al., 2017). For example, Lv

et al., (2022) used calcium modified granular attapulgite to remove

phosphate from low phosphorus concentration wastewater. The study

showed that when the initial phosphorus concentration was 2.0 mg/L,

the adsorption capacity of calcium modified materials to phosphorus

increased from 0.074 mg/g to 0.891 mg/g at 298 K and pH 7. Li

et al. (2016c) prepared a new type of magnesium oxide impregnated

magnetic biochar using sugarcane biochar for phosphate recovery

from an aqueous solution. It was found that the adsorption capacity

of phosphate was 121.25 mg/g at pH 4. Compared with other metal

sources, nano-magnesium oxide modified materials with high reactivity

have better performance in the simultaneous removal of phosphate

and ammonia nitrogen. Because it can release magnesium to generate

struvite crystallization (MgNH4PO4�6H2O) with phosphate and

ammonia nitrogen in water immediately after being added to an aque-

ous solution. For example, Li et al. (2017) prepared an optimized mag-

nesium oxide impregnated porous biochar for the treatment of swine

wastewater. Studies have shown that the maximum adsorption capac-

ity of magnesium oxide biochar is 398 mg/g phosphate and 22 mg/g

ammonium. In summary, MgO-modified material is an environmen-

tally friendly, low-cost phosphate and ammonia nitrogen adsorbent.

The alkalinity of MgO can neutralize the acid and provide a suitable

pH range for the formation of struvite (Park et al., 2021). However,

most researchers focus on the single magnesium content or pyrolysis

temperature (Li et al., 2017; Zhu et al., 2020), the choice of raw mate-

rials (Jiang et al., 2018; Zin and Kim, 2020), and the simultaneous

adsorption performance and mechanism of phosphate and/or ammo-

nia nitrogen. Relatively speaking, there are still knowledge gaps in

the synergistic effects of magnesium content and pyrolysis temperature

on the physical and chemical properties and adsorption capacity of

MgO modified materials. In addition, as far as we know, hydroxyap-

atite containing phosphate ions can form precipitates with high chem-

ical stability with most heavy metal ions in an aqueous solution.

Therefore, the adsorption potential of the recovered adsorbent for

heavy metal ions was also determined in this study.

At present, the most advanced technology shows that the removal

ability of pollutants by adsorption materials obtained by MgO modi-

fication with different raw materials is related to the nature of the

material itself and the pollutants in the water. There are great differ-

ences in the adsorption capacity of different raw materials for different

pollutants. In this study, the energy solid waste—biomass ash was used

as raw material, and nano-magnesium oxide was loaded on biomass

ash through in situ thermal-precipitation modification method to

establish a coupled MgO-biomass ash (CMBA). Aiming at the prob-

lem of difficult recovery of nitrogen and phosphorus pollutants in sew-

age sludge supernatants, adsorption materials with better performance

were created to achieve its target application. Therefore, this study can

http://creativecommons.org/licenses/by-nc-nd/4.0/
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reasonably provide a basis for the influence of the MgO modification

process on BA’s physical and chemical properties of, and reveal the

adsorption performance of CMBA on phosphate and ammonia

nitrogen.

The main purpose of this study was: (1) Investigating the removal

efficiency of phosphate and ammonia nitrogen under different condi-

tions of an Mg2þ addition, calcination temperature and coexisting sub-

stances by batch tests, and studying the effect of the pH value,

adsorbent dosages, and initial concentration on the adsorption process

by response surface methodology (RSM) based on Box-Behnken

model. (2) Characterizing the properties of prepared CMBA by scan-

ning electron microscopy energy dispersive spectroscopy (SEM-

EDS), X-ray diffraction (XRD) and Fourier transform infrared spec-

troscopy (FTIR), and revealing the adsorption mechanism of recov-

ered phosphate and ammonia nitrogen through combining

adsorption kinetics, isotherm, and thermodynamic models. (3) Investi-

gating the potential of CMBA to treat sewage sludge supernatants by

static beaker experiments. (4) Determining the adsorption capacity of

recovered CMBA (RCMBA) containing phosphate and ammonia

nitrogen for heavy metal in wastewater.

In this study, a coupling MgO-biomass ash system was established,

including an understanding of the effect of the MgO modification pro-

cess on the physical and chemical characteristics of BA, and its perfor-

mance in removing phosphate and ammonia nitrogen from sewage

sludge supernatants. As far as we know, there are few studies on the

modification of BA for the treatment of pollutants in water, and there

is no research on the loading of nano-magnesium oxide on BA by

in situ thermal-precipitation modification method, which further

proves the novelty of this work.

2. Materials and methods

2.1. Materials and chemicals

The energy solid waste—biomass ash was used as original
material from Fuxin Huinong Biomass Cogeneration Co. All

chemicals and reagents were analytical grade without further
purification and purchased from Liaoning Quanrui Reagent
Co. All solutions were prepared using deionized water. All

glassware was soaked in 10% HNO3 solution for at least
24 h, and then ultrasonic cleaned. After repeated moistening
with deionized water, they dried in a constant temperature dry-

ing oven for standby. The standard solution containing phos-
phate and ammonia nitrogen were prepared from KH2PO4

and NH4Cl. The standard solutions of Cu2þ, Zn2þ, and Pb2þ

were prepared from CuSO4�5H2O, ZnSO4�7H2O and Pb
(NO3)2, respectively. In the experiments, obtained a particular
concentration of the synthetic solution by diluting the stan-

dard solution, and adjusted the pH value with 0.1 M
hydrochloric acid or sodium hydroxide.

2.2. Material preparation

Biomass ash was washed with deionized water, dried at 105 �C,
and crushed through 80 mesh sieves as the original material
BA. Then it was fed into a muffle furnace at different calcina-

tion temperatures (200, 300, 400, 500, 600, 700, 800 �C) for 3 h,
and the material obtained was denoted as yBA.

The CMBA preparation process consists of three parts.

Firstly, BA fully contacted with an MgCl2 solution. Then, a
NaOH solution was added to react to produce Mg(OH)2
loaded BA (Mg(OH)2-BA). Finally, Mg(OH)2-BA was roasted

at a high temperatures to convert Mg(OH)2 to MgO. Specifi-
cally, prepared different concentrations of an MgCl2 solution

(0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75 M for Mg2þ) and a NaOH

solution, where the concentration ratio of Mg2þ to OH- was set
to 1:2. Mixed 10 g of BA with 100 mL of an MgCl2 solution,
and obtained the impregnating solution by shaking for 30 min

at 25 �C, 180 r/min with an oscillator. Then the solution was
aged at room temperature for 24 h, filtered, and repeatedly
washed with deionized water. Drying was performed at

105 �C to remove the adsorbed water from the surface layer.
Finally, the material obtained in the previous stage was
crushed and passed through an 80-mesh sieve, then sent to a

muffle furnace and calcined at 400 �C for 3 h to get xCMBA,

where x denotes the concentration of Mg2þ. To study the effect
of 1.25CMBA on phosphate and ammonia nitrogen adsorp-

tion at different calcination temperatures (200, 300, 400, 500,
600, 700, and 800 �C), CMBA prepared at different tempera-
tures was denoted as yCMBA, where y denotes the calcination

temperature (Li et al., 2022a, 2022b).
PA-MDP material was obtained by filtering and washing

400CMBA precipitation containing phosphate and ammonia

nitrogen, then drying at 80 �C.

2.3. Characterization

The samples used for characterization were dried under vac-

uum, sieved through 200 mesh sieves, and then used for anal-
ysis. The total magnesium addition was measured by an
inductively coupled plasma-atomic emission spectrometry

(ICP-OES, Varian 710-ES, USA). Before the analysis, the
material was degassed at 200 �C in an N2 atmosphere for
4 h, and then N2 adsorption/desorption isotherm analysis (mi-

cromeritics ASAP2020, USA) was performed to evaluate the
BET surface area (SBET), total pore volume (Vtot) and pore size
distribution of the material. The microscopic features and

morphology were characterized using scanning electron micro-
scopy (SEM, FEI-Inspect F50, USA) and energy dispersive X-
ray (EDS) spectroscopy. An X-ray diffractometer (XRD,
Rigaku-Smartlab9, Japan) was used to determine any phases

and structures in the samples. The experimental data were
compared with the Joint Committee on Powder Diffraction
Standards (JCPDSs) database and analyzed using MDI jade

software. In addition, the functional groups were also charac-
terized using Fourier transform infrared spectroscopy (FTIR,
Thermo Fisher-Nicolet iS5, USA) at room temperature using

KBr particles in the wave number range from 400 cm�1 to
4000 cm�1. The zeta potential of BA and CMBA was deter-
mined using a pH meter (OHAUS ST3100) at neutral pH.

2.4. Batch adsorption and regeneration tests

The removal of phosphate and ammonia nitrogen was carried
out in batch experiments in 150 mL conical flasks at 25 �C and

180 r/min at thermostatic shakers. The removal of phosphate
and ammonia nitrogen by xCMBA and yCMBA was investi-
gated in the same conditions. After 4 h, samples were taken

by pipette gun and filtered through a 0.45 lm microporous
membrane to measure phosphate and ammonia nitrogen con-
centrations. The concentrations of phosphate and ammonia

nitrogen in the supernatant were determined on a UV–visible
spectrophotometer (MAPADA V-1600PC, China) at 700 nm
and 420 nm by the ammonium molybdate spectrophotometric
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method (GB11893-89) and Nessler’s reagent colorimetric
method (HJ 535–2009), respectively. The removal efficiency
and adsorption were calculated by Eqs. (1) and (2) when the

reaction was equilibrated (Di et al., 2022).

RE ¼ C0 � Ct

C0

� 100% ð1Þ

qe ¼
C0 � Ceð ÞV

M
ð2Þ

where RE is the removal efficiency (%), C0 is the initial mass
concentration (mg/L), Ct is the mass concentration of adsor-

bate in the solution at time t (mg/L), qe is the adsorption
amount at equilibrium (mg/g), Ce is the mass concentration
of adsorbate in the solution at equilibrium (mg/L), V is the vol-

ume of solution (L), and M is the mass of CMBA (g).
By comparison, the best CMBA preparation conditions

(Mg2þ addition, calcination temperature) were selected for

the subsequent experiments. Subsequently, the main parame-
ters of adsorption (e.g., pH, adsorbent dosage, initial concen-
tration of nutrients, coexisting ions, reaction time and

temperature) were investigated. The synthetic wastewater was
adjusted at different initial pH varying from 2 to 10 by
0.1 M HCl or NaOH, and its effect on the removal of phos-

phate and ammonia nitrogen by 400CMBA was evaluated.
100 mL synthetic wastewater was added to 150 mL conical
flasks at different 400CMBA masses varying from 0.05 mg
to 0.09 mg, and the effect of adsorbent mass on adsorption

capacity was studied. Adsorption experiments were performed
using different initial phosphate and ammonia nitrogen con-
centrations, ranging from 20 mg/L to 500 mg/L. The effects

of coexisting substances on the removal of phosphate and
ammonia nitrogen by 400CMBA were investigated by adding

coexisting ions (Kþ, Ca2þ, Mg2þ, SO4
2-, Cl-, NO2

-) at concen-
tration varying from 1.0 mM to10.0 mM. Based on the single-
factor test, the Box-Behnken model was used to design the

RSM optimization test. Design-expert 8.0 software was used
to fit the experimental data to the empirical model and per-
form data analysis. A total of 17 experiments were designed

to investigate the interactions between three variables, includ-
ing the effects of pH value (X1), adsorbent dosages (X2, g/L)
and initial (X3, mg/L) on phosphate and ammonia nitrogen

removal efficiency. The kinetics, isotherms and thermodynam-
ics were studied under the conditions at contact times varying
from 0 to 420 min, an initial nutrient concentration varying
from 20 mg/L to 500 mg/L and a temperature varying from

20 �C to 45 �C. Finally, the treatment effect of 400CMBA
on the sewage sludge supernatants was tested in the optimal
experimental conditions. The sewage sludge supernatants were

referred to a wastewater treatment plant in Dalian, and the
water quality characteristics were manually dispensed as
shown in Table S1.

For the regeneration test, 400CMBA containing phosphate
and ammonia nitrogen was washed with deionized water to
remove any unabsorbed ions and dried overnight in an oven
at 50 �C. In a 150 mL conical flask, the dried 400 CMCBA

was in contact with 100 mL 0.1 M HCl eluent at 25 �C and
180 r/min in a constant temperature oscillator. After
240 min, the eluent was separated from 400CMBA. The eluent

was filtered through a 0.45 lm microporous membrane to
measure the concentration of phosphate and ammonia nitro-
gen. The separated 400CMBA was washed with deionized
water to remove the eluent and dried overnight in an oven at
50 �C. The adsorption capacity of the recovered adsorbent
was determined again. Five consecutive adsorption–desorption

cycles were carried out. All experiments were repeated three
times, and the average value was taken as the final
measurement.

According to the previous experimental results of the
research group, the initial pH value was adjusted to 5.
Weighed 0.01 g PA-MDP material at a dosing rate of 0.1 g/

L in 100 mL Pb2þ (50 mg/L) solution. Weighed 0.02 g PA-

MDP material at a dosing rate of 0.2 g/L in 100 mL Zn2þ

(30 mg/L) and Cu2þ (30 mg/L) solution, respectively. Then
placed them in a thermostatic shaker at 298.15 K, 180 r/min.

After 12 h, samples were taken by pipette gun and filtered
through a 0.45 lm microporous membrane to measure metal
concentrations. Metal concentrations were measured thorough

an atomic absorption spectrometer (AAS) with an air-
acetylene flame (Hitachi-Z2000, Japan). The wavelengths used

for the analysis of the Pb2þ, Zn2þ, and Cu2þ were 283.3, 213.9,

and 324.8 nm, respectively.

2.5. Adsorption kinetics, isotherms, and thermodynamic models

In order to study the removal of phosphate and ammonia
nitrogen, the kinetic data were fitted by the pseudo-first-
order model, pseudo-second-order model, general-order model
and intraparticle diffusion model (IPD model) (Cavalcante

et al., 2022). The equations of each model are shown in Eqs.
(3)–(6).

lnðqe � qtÞ ¼ ln qe � K1t ð3Þ

t=qt ¼ 1=ðK2qe
2Þ þ t=qe ð4Þ

qt ¼ qe �
qe

k3 � qeð Þn�1 � t � n� 1ð Þ þ 1
h i1= n�1ð Þ ð5Þ

qt ¼ K4 � t1=2 þ C ð6Þ
where qe and qt are the adsorption capacity of adsorbed phos-
phate or ammonia nitrogen at equilibrium and time t, respec-
tively (mg/g), K1 is the proposed primary adsorption rate

constant, K2 is the proposed secondary rate constant, K3 is
the general-order rate constant, n is the order of the general-
order model (dimensionless), K4 is the intraparticle diffusion

rate constant, and C is the constant involving thickness and
boundary layer. The larger the value of C, the greater the con-
tribution of the boundary layer.

The equilibrium data were fitted by the Langmuir model,
Freundlich model and Langmuir-Freundlich model (Sips
model) (Yu et al., 2021). The equations of each model are
shown in Eqs. (7)–(9).

Ce

qe
¼ Ce

qm
þ 1

KLqmð Þ ð7Þ

ln qe ¼ lnKF þ 1

n
lnCe ð8Þ

qe ¼
KSQmC

m
e

1þ KSC
m
e

ð9Þ
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where qm is the maximum adsorption amount (mg/g), Ce is the

concentration of phosphate or ammonia nitrogen in solution
at equilibrium (mg/L), KL is the Langmuir adsorption constant
(L/mg), KF is the Freundlich affinity coefficient (mg(1–n)Ln/g),

n (dimensionless) is the Freundlich linear constant, KS is the
Sips adsorption constant (Lm/mgm), andm is the Sips constant,
indicating adsorbent inhomogeneity.

The fitness of kinetic and equilibrium data was evaluated by

a nonlinear method. Firstly, the Simplex method was used to
evaluate the fitness, and then the Levenberg-Marquardt algo-
rithm was used to evaluate by the fitting tool of Microcal Ori-

gin Pro 2021 software (Guy et al., 2022). The residual sum of
squares (RSS), determination coefficient (R2), adjusted deter-
mination coefficient (R2

adj), and residual standard deviation

(SD) were used to evaluate the applicability of the kinetic
and equilibrium models (Cimirro et al., 2022). The mathemat-
ical expressions for RSS, R2, R2

adj, and SD are shown in Eqs.
(10)–(13).

RSS ¼
Xn

i

qi;exp � qi;model

� �2 ð10Þ

R2 ¼
Pn

i qi;exp � q
�
i;exp

� �2 �Pn
i qi;exp � qi;model

� �2
Pn

i qi;exp � q
�
i;exp

� �2
0
@

1
A ð11Þ

R2
adj ¼ 1� ð1� R2Þ � ð n� 1

n� p� 1
Þ ð12Þ

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n� p
�
Xn

i
qi;exp � qi;model

� �2� �s
ð13Þ

where qi;model is the individual theoretical qe value predicted by

the model, qi,exp is the individual experimental qe value; q
�
i;exp is

the average of all experimental qe values measured, n is the
number of experiments, and p is the number of parameters

in the fitting model.
The thermodynamic parameters were determined by the

following equations:

K ¼ qe
Ce

ð14Þ

DG ¼ �RT lnK ð15Þ

lnK ¼ DS
R

� DH
RT

ð16Þ

where R is the ideal gas constant (8.314 J/mol�K), T is the Kel-
vin temperature (K), and K is the thermodynamic equilibrium
constant at temperature T. DH and DS are calculated from the

linear plot of lnK versus 1/K.

3. Results and discussion

3.1. Effect of Mg2þ addition and calcination temperature

The effects of Mg2þ addition on phosphate and ammonia
nitrogen adsorption are shown in Fig. 1(a). With the increase

of Mg2þ addition in the solution, the phosphate removal

capacity kept increasing, while there was no significant effect
on the ammonia nitrogen removal. The correlation data
showed a strong dependence of phosphate removal in the solu-

tion on Mg2þ addition. The adsorption capacity of CMBA on

phosphate and ammonia nitrogen was low at low Mg2þ addi-
tion, probably because of the limited adsorption sites and neg-
atively charged surfaces on the surface of BA. With the

addition of Mg2þ, the adsorption of phosphate increased sig-
nificantly. The increase in the equilibrium adsorption of phos-

phate by CMBA slowed down and reached saturation when

the Mg2þ addition exceeded 1.25 M (including 1.25 M), and
the corresponding removal efficiency was about 98%. The

behavior was attributed to the fact that MgO was the primary
provider of active centers for phosphate adsorption. The max-
imum number of MgO particles was reported to depend on the

limited external surface area of the carrier (Zhu et al., 2020).

Therefore, when the Mg2þ addition in the solution increases
to a particular value, the amount of MgO loaded on the

CMBA surface no longer increases, resulting in the removal
of phosphate and ammonia nitrogen remaining almost con-
stant. In fact, the ammonia nitrogen adsorption capacity was

little affected by the Mg2þ concentration, probably because
the ammonia nitrogen adsorption by CMBA was not just con-
trolled by struvite crystallization. Considering the limitation of

CMBA adsorption capacity growth due to high Mg2þ addition
and the related economic factors, 1.25CMBA was selected for

further study.
Fig. 1(b) and (c) showed the effect of BA and CMBA on

phosphate and ammonia nitrogen adsorption at different cal-
cination temperatures. As shown in Fig. 1(b), the unmodified

BA has a particular adsorption capacity for ammonia nitro-
gen. It may be due to the more abundant functional groups
on the surface of BA, which can adsorb ammonia nitrogen

by ion exchange. However, BA showed the release of phos-
phate, and the release of phosphate showed an increasing trend
with the increase of calcination temperature. Among them, the

highest phosphate release was observed for 800BA with
5.40 mg/g. It may be attributed to the high phosphate content
in BA. Comparing the adsorbent materials adsorption capaci-

ties for phosphate and ammonia nitrogen before and after
modification, the CMBA adsorption capacity for phosphate
and ammonia nitrogen is much larger than that of BA. The
adsorption capacity of CMBA for phosphate at different calci-

nation temperatures was 600CMBA > 400CMBA > 500C
MBA>700CMBA>800CMBA>300CMBA>200CMBA>
Mg(OH)2-BA in order. Unlike phosphate, the CMBA adsorp-

tion capacity for ammonia nitrogen at different calcination
temperatures was in the order of 400CMBA > 600CMBA
>700CMBA>500CMBA>300CMBA>800CMBA>200C

MBA > Mg(OH)2-BA. CMBA had a strong adsorption
capacity for phosphate and ammonia nitrogen when the calci-
nation temperature was more significant than 400 �C, which
may be due to the dehydration of the surface-loaded magne-

sium hydroxide on BA to produce magnesium oxide when
the temperature reached 350 �C (Liu et al., 2010). It has been
shown that the adsorbent surface activity gradually decreases

with the increase of calcination temperature, and the higher
temperature is not conducive to the formation of specific sur-
face area and pore structure (Fan et al., 2019; He et al., 2022).

Therefore, the CMBA adsorption capacity for phosphate and
ammonia nitrogen decreased when the calcination temperature
exceeded 600 �C. In conclusion, CMBA can be used as an

effective adsorbent for phosphate and ammonia nitrogen



Fig. 1 (a) Effect of Mg2þ content on the adsorption of phosphate and ammonia nitrogen onto the CMBA. (b) Effect of pyrolysis

temperature on the adsorption of phosphate and ammonia nitrogen onto BA. (c) Effect of pyrolysis temperature on the adsorption of

phosphate and ammonia nitrogen onto CMBA. Condition: Initial pH of 7.0, 0.7 g/L adsorbent dosage, 25 �C.

Table 1 Effect of Mg2+ additions on the physical and chemical properties of CMBA.

Mg addition amount (M) Mg2þ content (mg/g) SBET (m2/g) Vtot (cm
3/g) AVP (nm)

0 4.44 65.12 0.14 8.79

0.25 126.09 50.18 0.25 20.29

0.50 132.66 55.89 0.20 14.06

0.75 141.33 64.10 0.28 17.47

1.00 148.06 66.17 0.26 15.84

1.25 154.58 73.96 0.27 14.87

1.50 161.09 66.76 0.25 15.10

1.75 165.83 59.79 0.20 13.35
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recovery. In the subsequent experiments, 400CMBA with good
adsorption performance on phosphate and ammonia nitrogen

was selected as the adsorbent.

3.1.1. Microstructural characterization of CMBA

As shown in Table 1, BA had a specific surface area of

65.12 m2/g, a total pore volume of 0.14 cm3/g, and an average

pore diameter of 8.79 nm. With the increase of Mg2þ addition,

the specific surface area of CMBA increased from 50.18 to
59.79 m2/g, the total pore volume increased from 0.14 to
0.20 cm3/g, and the average pore size increased from 8.79 to

13.35 nm. These results agree with those of He et al. (2022).

It may be because the added Mg2þ hinders the formation of

substances such as tar during calcination, thus promoting the
formation of pore structures (Zhu et al., 2020). However, the
specific surface area and total pore volume of CMBA gradu-
ally increased (�1.25 M) and then decreased (>1.25 M) when

the Mg2þ addition varying from 0.25 M to 1.75 M. Meanwhile,
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the average pore size showed a decreasing trend. These results

suggest that larger additions of Mg2þ may form excess MgO

covering the surface of BA, leading to pore blockage (Xu
et al., 2018). In addition, the removal of phosphate and ammo-
nia nitrogen by CMBA remained almost constant when the

Mg2þ addition varying from 1.25 M to 1.75 M, indicating that
the specific surface area and total pore volume had a negligible
effect on the removal effect. It was reported that the improve-

ment of adsorption performance and removal of pollutants by
heat treatment was not significantly related to the changes in
specific surface area and pore volume, and the adsorption per-

formance was mainly related to the surface properties (Lv
et al., 2022).

The FTIR spectra of BA and yCMBA were shown in Fig. 2
(a). The two peaks at 3423 cm�1 and 1446 cm�1 were due to

the stretching vibrations of hydroxyl groups (Lv et al., 2022;
Shirazinezhad et al., 2021). The signals at varying from 2921
to 2985 cm�1 was due to the asymmetric stretching vibrations

of aliphatic CAH (Li et al., 2017). The peaks at 1003 cm�1 and
473 cm�1 corresponding to the asymmetric stretching vibra-
tions SiAOASi and SiAO stretching vibrations, respectively

(Li et al., 2019). The signals at varying from 692 to
879 cm�1 was related to stretching vibrations of ACH2A and
C‚CAH bonds (Li et al., 2017). From FTIR, the types of sur-

face functional groups were reduced after making yCMBA
Fig. 2 (a) FTIR spectra of different CMBA. (b) XRD patterns

adsorption/desorption isotherms and the corresponding pore-size distr

the corresponding pore-size distribution (inset) of 400CMBA.
compared to BA. However, a new peak appeared near
3693 cm�1 for 200CMBA, which can be attributed to the
stretching vibration of MgAOH after modification. With the

increase of calcination temperature, the absorption peaks of
functional groups such as OAH became weaker or disap-
peared, indicating that the high temperature was not favorable

for forming functional groups on the surface of BA. In addi-
tion, a new peak at 436 cm�1 appeared when the temperature
exceeded 300 �C, which was attributed to the stretching vibra-

tion of MgAO, which overlaps with the SiO2 diffraction peak
at 473 cm�1 (Zhu et al., 2020). It confirmed that the magne-
sium hydroxide loaded on the surface of BA was dehydrated
to MgO at the calcination temperature of 400 �C.

3.1.2. Characteristics of BA before and after modification

The XRD spectra of BA, Mg(OH)2-BA and 400CMBA sam-

ples were depicted in Fig. 2(b). Multiple characteristic diffrac-
tion peaks were observed in BA, of which 20.9�(100) and
26.6�(101) are relatively more intense and belong to SiO2

(JCPDS 01–0649). In addition, four new characteristic diffrac-

tion peaks appear at 18.6�(001), 38.1�(101), 50.8�(102) and
58.6�(110), belonging to Mg(OH)2 (JCPDS 07-0239). After
calcination, the characteristic diffraction peaks at 18.6�(001),
50.8�(102) and 58.6�(110) were disappeared, and the charac-
teristic diffraction peaks at 38.1�(101) was weaken. Mean-
of original biomass ash, Mg(OH)2-BA and 400CMBA. (c) N2

ibution (inset) of BA. (d) N2 adsorption/desorption isotherms and
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while, three new characteristic diffraction peaks were observed
at 36.9�(111), 42.9�(200) and 62.3�(222), which were con-
firmed to be MgO (JCPDS 04-0829) diffraction peaks, indicat-

ing the conversion of Mg(OH)2 to MgO microcrystals during
calcination. Moreover, the relative intensities of the lattice sur-
faces (100) and (101) in Mg(OH)2-BA and 400CMBA were

weaker than those of the unmodified BA due to the coverage
of Mg(OH)2 and MgO on the surface of BA.

Fig. 2(c) and (d) showed the N2 adsorption/desorption iso-

therms and pore size distributions of BA and 400CMBA. It
was observed that the N2 adsorption isotherms of BA and
400CMBA were consistent with the type IV of the H3 hystere-
sis loop, which corresponds to the slot holes formed by the

accumulation of lamellar particles. As seen from the insets of
Fig. 2(c) and (d), the pore size distribution curves were broad,
with a predominant number of mesopores and a low number

of micropores and macropores for BA and 400CMBA. In
addition, the zeta potential of BA was –24.90 mV and the zeta
potential of the modified 400CMBA was –8.60 mV. The nega-

tive charge on the surface of the modified adsorbent material
was reduced, which was beneficial to the phosphate removal
from the wastewater.

The surface morphologies of BA and 400CMBA are shown
in Fig. 3(a) and (b). By SEM analysis, it observed that the sur-
face morphologies of BA residue and 400CMBA were signifi-
cantly different. The microstructure of BA residue is rod-

like, flaky, and block-like, with a relatively smooth surface.
With the massive deposition of MgO particles, the surface pore
size of 400CMBA decreased and partially showed a fluffy

state. As seen from Fig. 3(b), nano-MgO existed in the form
of sheets, which were uniformly loaded on the surface of
BA, thus significantly increasing the total pore volume of BA

(Xie et al., 2014). The EDS spectra of 400CMBA is shown in
Fig. 3(c), and it can be observed that the distribution of ele-
ment C is uniform. In contrast, the distribution regions of

Mg and O are closely related, indicating the generation of
nano-MgO. In addition, small peaks of Si, Cl, Ca, and K ele-
ments also appeared in the spectrum of Fig. 3(d). Thus, the ele-
mental composition of 400CMBA consists of C (15.47 wt%),

Mg (49.43 wt%), O (25.89 wt%), Si (5.40 wt%), Cl (2.28 wt
%), Ca (1.05 wt%) and K (0.49 wt%).

3.2. Adsorption research

3.2.1. Effect of pH value

The removal effects of 400CMBA on phosphate and ammonia
nitrogen at different pH value are shown in Fig. 4(a). The
trends of phosphate and ammonia nitrogen were similar at
pH varying from 2 to 10, and the adsorption ability of

400CMBA on them was strongly dependent on the pH value.
When the pH value changed from 2 to 3, the adsorption of
phosphate and ammonia nitrogen by 400CMBA increased

sharply. The equilibrium adsorption amounts of phosphate
and ammonia nitrogen increased from 7.00 mg/g and
1.79 mg/g to 56.68 mg/g and 22.81 mg/g, respectively, and con-

tinued to increase at a relatively low rate until the pH value
reached 7. The best adsorption effect was achieved at this time,
with the adsorption amounts of phosphate and ammonia

nitrogen peaking at 83.37 mg/g and 33.86 mg/g, respectively.
When the pH value was increased, the adsorption capacity
decreased at a relatively fast rate, especially for phosphate.
And the adsorption amounts of phosphate and ammonia
nitrogen decreased to 63.28 mg/g and 13.07 mg/g at pH 10.
Considering the removal efficiency and operational feasibility,

the initial pH value of 7 was chosen in the following
experiments.

Fig. 4(a) also shows the change of solution equilibrium pH

value after adsorption of phosphate and ammonia nitrogen at
different initial pH value. At an initial pH value of 2, the solu-
tion equilibrium pH value was only 2.87, which limited the

reaction. This may be because the surface of BA was still neg-
atively charged in an aqueous solution with an initial pH of 2.
At the same time, the phosphate in the solution exists in the
form of H3PO4 and lacked electrostatic adsorption. Therefore,

the adsorption capacity of 400CMBA for phosphate was small
(Zhu et al., 2020). At an initial pH value varying from 3 to 8,
the equilibrium pH of the solution was near 9, and the MgO on

the surface of BA underwent a strong protonation reaction

� MgOþH2O !� MgOHþ þ OH� (Li et al., 2016c). It
shows that 400CMBA can maintain a higher equilibrium pH
under lower initial pH conditions. This indicates that

400CMBA has alkalinity self-sufficiency and can adsorb phos-
phate and ammonia nitrogen in a wide initial pH range (Li
et al., 2022a, 2022b). With the increase of the initial pH value

from 3 to 10, H3PO4 was gradually deprotonated to HPO4
2-

and H2PO4
-. At this time, the positively charged 400CMBA

on the surface would show a strong affinity for the negatively
charged phosphate, leading to an increase in the adsorption
capacity of 400CMBA on phosphate (Li et al., 2016b). How-

ever, due to the increasing pH value, the increasing concentra-
tion of OH- and phosphate produced a violent competition for
adsorption sites on the positively charged adsorbent surface,

and the electrostatic adsorption between phosphate and adsor-
bent weakened, eventually leading to a decrease in phosphate
adsorption (Xiong et al., 2017). Although the positively
charged surface of 400CMBA may not be favorable for the

adsorption of positively charged ammonia nitrogen consider-
ing electrostatic adsorption, the best adsorption capacity of
ammonia nitrogen was achieved at pH 7. It might indicate that

the adsorption of ammonia nitrogen was controlled by differ-
ent processes (Li et al., 2017). Furthermore, the adsorption
capacity of 400CMBA for ammonia nitrogen decreases when

pH > 8, which may be due to the loss of ammonia nitrogen
as NH3 gas under strongly alkaline conditions (Li et al.,
2022a, 2022b). In summary, the adsorption of phosphate by

400CMBA was mainly through electrostatic adsorption, and
the adsorption of ammonia nitrogen was affected by a combi-
nation of effects. 400CMBA showed strong adsorption capac-
ity at a wide initial pH value varying from 5 to 9, which was

favorable for applying 400CMBA in sewage sludge
supernatants.

3.2.2. Effect of adsorbent dosages

Investigated the effect of 400CMBA dosages on the phosphate
and ammonia nitrogen adsorption, and the results are shown
in Fig. 4(b). 400CMBA dosages showed a proportional

decrease in adsorption capacity with increasing dosages from
0.5 to 0.9 g/L. In contrast, the equilibrium removal efficiency
of phosphate and ammonia nitrogen showed a significant

increasing trend. At the dosage of 0.7 g/L, the removal effi-
ciency of phosphate and ammonia nitrogen reached 97.26%
and 39.50%, respectively. It may be attributed to the increase



Fig. 3 (a) SEM images of BA. (b) SEM images of 400CMBA. (c) The selected area of 400CMBA for EDS analysis. (d) Elements content

of the selected area in EDS analysis.
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in the dosage resulting in 400CMBA providing more adsorp-
tion sites and a larger surface area, thus favoring the removal
of more phosphate and ammonia nitrogen (Edet and

Ifelebuegu, 2020). The decrease in adsorption capacity was
attributed to the splitting effect of the concentration gradient
between the adsorbent and the adsorbate (Albadarin et al.,
2012). However, when the dosage exceeded 0.7 g/L, the reac-

tion tended to equilibrium and the removal efficiency of both
did not increase significantly. Therefore, the optimal adsorbent
dosage was 0.7 g/L, considering the adsorption effect and eco-

nomic cost.

3.2.3. Effect of initial concentration

The equilibrium adsorption capacity of 400CMBA for phos-

phate and ammonia nitrogen at different temperatures with
the initial concentrations are shown in Fig. 4(c) and (d). The
equilibrium adsorption capacity of 400CMBA increased with

the initial concentration of phosphate and ammonia nitrogen,
and then gradually reached the equilibrium. The increase may
be due to the rise in the concentration of phosphate and
ammonia nitrogen, which increases the collision with the
adsorption sites. Also, the concentration gradient of phosphate

or ammonia nitrogen between the solid and liquid phases
increased mass transfer driving force, which facilitated the
reduction of mass transfer resistance to increase the adsorption
capacity (Younes et al., 2020). However, the removal of phos-

phate and ammonia nitrogen by 400CMBA increased and then
decreased with increasing initial concentrations, reaching the
maximum removal efficiency when the initial concentrations

of phosphate and ammonia nitrogen were near 60 mg/L. It
suggested that the adsorption of phosphate and ammonia
nitrogen by 400CMBA may be more suitable for higher con-

centrations of sewage sludge supernatants. The adsorption
capacity of 400CMBA decreased when the temperature
increased from 298.15 to 318.15 K, indicating that the increase

in temperature was not favorable for the removal of phosphate
and ammonia nitrogen by 400CMBA.



Fig. 4 Effect of pHinitial value (a), adsorbent dosages (b), initial concentration (c,d), and coexisting ions (e,f) on the adsorption of

phosphate and ammonia nitrogen removal.
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3.2.4. Effect of coexisting ions

The results of the effect of single coexisting substances on the
removal of phosphate or ammonia nitrogen by 400CMBA are

shown in Fig. 4(e) and (f). From Fig. 4(e) and (f), the cations

(Kþ, Ca2þ, Mg2þ) had a facilitating effect on the removal of

phosphate. When the concentration of cations was increased
from 0 to 10 mM, the removal of phosphate risen from
97.26% to 98.55%, 99.9% and 99.23%, respectively. It had

been reported that the presence of Kþ in the solution competes
with ammonia nitrogen to form K-struvite (Huang et al.,

2019), resulting in a slight increase in phosphate removal effi-

ciency. When Ca2þ was alone in the solution, it immediately
reacted with phosphate to form amorphous calcium phosphate
and prevents the formation of struvite crystallization (Li et al.,

2020). Mg2þ played an essential role in the process of struvite

crystallization. The large amount of Mg2þ may lead to the con-

version of struvite crystallization into magnesium phosphate
and promote phosphate removal (Xie et al., 2021). In the pres-
ence of Cl-, the phosphate removal efficiency of 400CMBA

had little change, indicating that the effect of Cl- on the phos-
phate adsorption process can be ignored. It is well known that
the anions adsorbed on the adsorbent via outer sphere com-

plexes are strongly influenced by the ionic strength and coexist-
ing anions, and these coexisting anions can also form outer
sphere complexes by electrostatic forces. In contrast, the
anions adsorbed on the adsorbent via inner sphere complexes
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have low sensitivity to ionic strength and coexisting anions
(Du et al., 2017). Apparently, inner sphere complexes were
involved in the phosphate adsorption process on 400CMBA,

while Cl- was weakly bound to the surface position of metal
hydroxides to form outer sphere complexes, which leads to
ineffective competition for Cl- (Li et al., 2016a; Lu et al.,

2014). When NO2
- was present, the phosphate removal effi-

ciency decreased slightly. It has been reported that elements
in the same main group have similar chemical properties and

molecular structures (Zhang et al., 2013). When they were pre-
sent together, intense competition occurs on the surface of the
adsorbent. Clearly, the results of this study were not consistent

with this conclusion. In addition, when SO4
2- was present, the

phosphate removal efficiency of 400CMBA significantly

decreased with the concentration of SO4
2-. It may be due to

the strong competition of SO4
2- for adsorption sites on the

adsorbent surface. Chemically, the ionic radius of SO4
2-

(0.230 nm) is larger than that of Cl- and NO2
- (both less than

0.200 nm) and like that of H2PO4
- (0.238 nm). Therefore, the

presence of SO4
2- competed for positive charge sites on the

adsorbent surface and reduced phosphate removal (Li et al.,

2016a; Li et al., 2017). Overall, the results indicated that in

the coexistence of Cl-, NO2
- and SO4

2- presence, the phosphate

removal efficiency decreased according to Cl- >

NO2
- > SO4

2-.
As seen in Fig. 4(f), the presence of cations had a negative

effect on the removal of ammonia nitrogen. When the concen-
tration of cations increases from 0 to 10 mM, the removal effi-

ciency of ammonia nitrogen decreased from 39.5% to 26.34%,
21.15% and 31.35%, respectively. The reduction of ammonia
nitrogen removal efficiency was mainly due to the formation

of K-struvite, amorphous calcium phosphate and magnesium
phosphate. In addition, Fig. 4(f) showed that the anions

(SO4
2-, Cl-, NO2

-) had little effect on the adsorption of ammo-
nia nitrogen, and no significant changes were found.

3.2.5. RSM model

The experimental design of the Box-Behnken model and the
predicted and actual values of phosphate and ammonia nitro-
gen removal are shown in Table S2. A quadratic regression

model was used to explore the relationship between the inde-
pendent variables and the responses, and the following equa-
tions were obtained.

Phosphate removal rate ¼ 96:71� 0:3237X1 þ 7:82X2

þ 0:9187X3 � 0:015X1X2

þ 0:2275X1X3 � 1:66X2X3

� 4:99X1
2 � 8:47X2

2 � 0:9977X3
2

Ammonium removal rate ¼ 39:22� 0:2962X1 þ 2:95X2

� 0:2225X3 � 0:0675X1X2

þ 0:0950X1X3 þ 0:3850X2X3

� 2:96X1
2 � 4:17X2

2 � 1:69X3
2

Analysis of variance (ANOVA) was used to test the model’s
reliability, and the results are shown in Tables S3 and S4.
According to the ANOVA and significance check of the regres-

sion models, the F-values of the regression models for phos-
phate removal and ammonia nitrogen removal were 68.92
and 222.79, respectively, with P-values less than 0.001, indicat-
ing that the models reached a significant level and were statis-

tically significant, and could be used to substitute the actual
points of the test for the result analysis. The multivariate cor-

relation coefficients R2 of the two models were 0.9888 and
0.9965, respectively. The corrected coefficients of determina-

tion R2
adj of the models were 0.9745 and 0.9920, indicating

that the two models explained 97.45% and 99.20% of the vari-
ation in response values, respectively, further indicating that

the regression models were suitable for analysis, prediction
and optimization of phosphate and ammonia nitrogen removal
efficiency.

The F-values for pH, adsorbent dosing and initial concen-
tration in the phosphate removal model were 0.55, 321.55
and 4.44, respectively, with P-values of 0.48, <0.0001 and

0.07. It indicated that the effect of adsorbent dosages on phos-
phate removal reached an extremely significant level, and the
significant degree of effect was: adsorbent dosages > initial

concentration > pH. The F-values of the three single factors
in the ammonia nitrogen removal model were 6.84, 678.85
and 3.86 with P-values of 0.03, <0.0001 and 0.09, respectively.
It showed that the effects of pH value and adsorbent dosages

on phosphate removal reached a significant level, and the sig-
nificant degree of effect was: adsorbent dosages > pH
value > initial concentration.

To comprehensively consider the effects of three factors,
pH, adsorbent dosages, and initial concentration, on the
removal of phosphate and ammonia nitrogen by 400CMBA,

the graphical analysis was made by Design-Expert software.
The three-dimensional response surface plots are shown in
Fig. 5. As shown in Tables S3 and S4, the p-values of the inter-
action between pH value and adsorbent dosages in the phos-

phate and ammonia nitrogen removal models were 0.98 and
0.69, respectively, which were >0.05, indicating that there
was an interaction between the two but not significant. The

p-values of the interaction between pH value and initial con-
centration in the phosphate and ammonia nitrogen removal
models were 0.72 and 0.57, respectively, which were >0.05,

indicating an interaction between the two but not significant.
The p-values of the interaction between pH value and adsor-
bent dosages in the phosphate and ammonia nitrogen removal

models were 0.03 and 0.04, respectively, which were less than
0.05, indicating a significant interaction between them.

The optimization function of Design Expert was used to
predict the optimal adsorption conditions for 400CMBA based

on ensuring the maximum removal of phosphate and ammonia
nitrogen by 400CMBA. The removal efficiency of phosphate
and ammonia nitrogen was 98.48% and 39.74%, respectively,

at pH 6.96, adsorbent dosages of 0.74 g/L and initial concen-
tration of 60.16 mg/L. Considering the feasibility and eco-
nomic cost of the experiment, made certain adjustments to

the experimental results. The optimal adsorption conditions
for 400CMBA were finally determined as follows: pH 7.00,
adsorbent dosages 0.70 g/L, and initial concentration

60.00 mg/L.

3.2.6. Adsorption kinetics

Kinetics is often used to elucidate the mechanisms that occur

during adsorption processes, such as mass transfer processes
and diffusion control (González-Hourcade et al., 2022). There-



Fig. 5 Interactive effects three variables on the phosphate (a) and ammonia nitrogen (b) removal rate.
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fore, the adsorption kinetics of phosphate and ammonia nitro-

gen by 400CMBA was studied by the pseudo-first-order
model, pseudo-second-order model, general-order model and
IPD model. In the kinetic experiment, the reaction time

reached 420 min when the initial concentration of phosphate
and ammonia nitrogen varying from 20 to 100 mg/L. The
curves and parameters are shown in Fig. 6 and Table 2,

respectively.
In the first 60 min of the reaction, 400CMBA had a faster

adsorption rate for phosphate and ammonia nitrogen, and

the removal rate of phosphate exceeded 74% and the removal
rate of ammonia nitrogen exceeded 23% within 60 min. Subse-
quently, the removal rate increased relatively slowly, and the
removal rates of phosphate and ammonia nitrogen exceeded

96% and 29% at 420 min, respectively. This result was like
that reported by Li et al. (2017). The initial rapid adsorption
may be due to the electrostatic attraction between the posi-

tively charged MgOHþ and the negatively charged phosphate

ions (Li et al., 2016a). The subsequent slow growth of the
removal rate indicated that the adsorption process may involve
intraparticle diffusion (Zhang et al., 2009). In addition, the

maximum removal efficiency was achieved when the initial
concentration of phosphate and ammonia nitrogen was
60 mg/L, with 97.25% and 39.50%, respectively. Comparing

the removal effects at different initial concentrations between
20 mg/L and 100 mg/L, it was observed that at higher concen-
trations, the removal of phosphate and ammonia nitrogen was
better by 400CMBA.

Table 2 shows the kinetic model parameters used to fit the
experimental data. The applicability of the kinetic model was

evaluated according to R2
adj and SD. The higher R2

adj and

the lower SD indicate that the difference between the experi-

mental and theoretical values of qe is small (given by the mod-
els), so there is an optimal suitable model. Based on these
parameters, under the experimental conditions adopted, the

R2
adj value of the general-order kinetic model was the highest

and the SD value was the lowest. Therefore, the general-order
model was more suitable for fitting the adsorption process of
phosphate and ammonia nitrogen by 400CMBA.
The pseudo-first-order model is an adsorption analysis

method based on the solid adsorption capacity proposed by
Lagergren. It believes that the mass transfer resistance in the
particles limits the adsorption (Sakthivel et al., 2021). The

pseudo-second-order model assumes that the adsorption rate
is controlled by chemical adsorption, indicating that the
adsorption mechanism is the main reason affecting the adsorp-

tion (Feng et al., 2018). The general-order model describes the
adsorption process in the same order as the chemical reaction
(Guy et al., 2022). Therefore, the adsorption process may be

chemisorption, and the adsorption rate was influenced by the
ligand of the active site on the adsorbent surface and the
adsorbate (Di et al., 2022). It likes the results reported by
Koh et al. (2019) and Xu et al. (2020a, 2020b) regarding vari-

ous phosphate adsorbents. In chemical reactions, the reaction
order is determined by experiments. With the change in adsor-
bate concentration, the n (adsorption rate order) values of the

general-order kinetic equation were different, and it was diffi-
cult to compare the kinetic parameters of the model. There-
fore, the adsorption kinetics of phosphate and ammonia

nitrogen by 400CMBA were compared with t0.5 and t0.95. t0.5
is the time to reach 50% saturation, and t0.95 is the time to
reach 95% saturation. t0.5 and t0.95 were calculated and dis-
played according to the best fitting model (general-order

model).
When the initial concentration was 20 mg/L, the t0.5 and

t0.95 of phosphate were 29.314 min and 112.795 min, respec-

tively, and the t0.5 and t0.95 of ammonia nitrogen were
25.226 min and 198.076 min, respectively. When the initial
concentration was 60 mg/L, the t0.5 and t0.95 of phosphate were

23.794 min and 123.371 min, respectively, and the t0.5 and t0.95
of ammonia nitrogen were 37.081 min and 234.321 min,
respectively. When the initial concentration was 100 mg/L,

the t0.5 and t0.95 of phosphate were 30.846 min and
153.011 min, respectively, and the t0.5 and t0.95 of ammonia
nitrogen were 28.917 min and 225.552 min, respectively.
Observing these values, the adsorption was relatively rapid,

and the time for phosphate to reach adsorption equilibrium
was faster than that for ammonia nitrogen to reach adsorption
equilibrium. In order to ensure that the adsorption process has



Fig. 6 (a) Adsorption kinetics of phosphate by 400CMBA. (b)Adsorption kinetics of ammonia nitrogen by 400CMBA. (c) Intraparticle

diffusion model of phosphate and ammonia nitrogen by 400CMBA. Condition: Initial pH of 7.0, 0.7 g/L adsorbent dosage, 25 �C.
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enough time to reach the balance between 400CMBA and

nutrients, the established contact time should be slightly higher
than t0.95. In order to achieve 95% saturation, the equilibrium
should be established under the condition that the adsorbent is

completely saturated. Therefore, the contact time of 240 min
was set for further adsorption isotherm experiments.

For the ion adsorption process from the aqueous phase to

the solid phase three mechanisms were generally involved: film
diffusion, intraparticle diffusion and active site adsorption.
The third step was speedy and was usually neglected. The
results are shown in Fig. 6(c). At different initial concentra-

tions, the rate constant K of the adsorption process of phos-
phate and ammonia nitrogen by 400CMBA decreases
according to Kid1 > Kid2 > Kid3, indicating that the adsorp-

tion process consists of three parts: rapid adsorption, intra-
particle diffusion and equilibrium stage. Comparison of the
relevant parameters of the IPD model showed that the fitted

results for phosphate and ammonia nitrogen adsorption by
400CMBA were linear but did not pass the origin, indicating
that phosphate and ammonia nitrogen adsorption was not
only controlled by intraparticle diffusion but also by a combi-

nation of mechanisms (Table S5). In addition, the higher R2
adj

in the second stage showed that ammonia nitrogen could pass
through the pores and voided on the surface of the 400CMBA
material and further entered the interior of the material
through a combined process of intraparticle diffusion and film

diffusion. In summary, the adsorption of phosphate and
ammonia nitrogen by 400CMBA was chemisorption con-
trolled by several processes, including internal and external

diffusion.

3.2.7. Adsorption isotherms

Adsorption isotherms are useful tools to understand how the

interaction between adsorbents and adsorbates occurs
(Cavalcante et al., 2022). It can provide reliable information
for the possible mechanism and pathway of adsorption. The

adsorption process of phosphate and ammonia nitrogen by
400CMBA was further studied by the equilibrium isothermal
model. Langmuir, Freundlich and Sips models were used to

evaluate the practicability of the equilibrium data of phosphate
and ammonia nitrogen for 400CMBA adsorbent. The equilib-
rium isotherms of phosphate and ammonia nitrogen on
400CMBA at different temperatures (298.15, 308.15,

318.15 K) are shown in Fig. 7, while the three isotherm equi-
librium parameters of phosphate and ammonia nitrogen are
shown in Table 3.

The Langmuir isotherm model assumes that monolayer
adsorption occurs on a uniform adsorbent surface and there
is no interaction between adsorbates (Salomón et al., 2020).

The Freundlich isotherm model is an empirical equation based



Fig. 7 (a) Isotherms of adsorption of phosphate. (b) Isotherms of adsorption of ammonia nitrogen. Condition: Initial pH of 7.0, 0.7 g/L

adsorbent dosage, time of contact of 30 min.

Table 2 Kinetic parameters for adsorption of phosphate and ammonia nitrogen onto 400CMBA.

Model Phosphate Ammonia nitrogen

Initial concentration (mg/L)

20 60 100 20 60 100

Pseudo-first-order

K1 2.380 � 10–2 2.875 � 10–2 2.240 � 10–2 2.724 � 10–2 1.901 � 10–2 2.418 � 10–2

qe (mg/g) 25.42 84.21 136.32 8.22 33.82 50.35

R2
adj 0.9949 0.9889 0.9886 0.9920 0.9945 0.9923

SD (mg/g) 0.598 2.781 4.739 0.229 0.817 1.393

Pseudo-second-order

K2 1.010 � 10–3 4.082 � 10–4 1.764 � 10–4 3.930 � 10–3 5.725 � 10–4 5.413 � 10–4

qe (mg/g) 29.04 94.25 156.28 9.23 39.36 57.17

R2
adj 0.9763 0.9981 0.9975 0.9925 0.9958 0.9952

SD (mg/g) 1.287 1.143 2.242 0.178 0.718 1.104

General order

K3 3.194 � 10–2 1.569 � 10–2 1.324 � 10–2 1.213 � 10–2 7.1 � 10–3 4.700 � 10–3

qe (mg/g) 25.23 85.13 137.74 8.58 35.05 52.79

n 0.896 1.151 1.116 1.456 1.302 1.451

t0.5 29.314 23.794 30.846 25.226 37.081 28.917

t0.95 112.795 123.371 153.011 198.076 234.321 225.552

R2
adj 0.9950 0.9989 0.9978 0.9978 0.9980 0.9975

SD (mg/g) 0.594 0.884 2.086 0.120 0.489 0.798
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on multilayer adsorption on heterogeneous surfaces
(Venkateswarlu et al., 2022). The Sips model is usually used
to describe chemical adsorption on heterogeneous surfaces

(Zhu et al., 2020). R2
adj and SD values were used to evaluate

the applicability of the isotherm model. Based on R2
adj and

SD values, the Sips model had the highest R2
adj value and
the lowest SD value under three temperature conditions. This
indicates the superiority of the Sips model in describing the
adsorption of phosphate and ammonia nitrogen by

400CMBA. It means that the theoretical qe value of the Sips
model is closer to the experimentally found value. Thus, the
adsorption of phosphate and ammonia nitrogen on the



Table 3 Adsorption isotherm constants for adsorption of phosphate and ammonia nitrogen onto 400CMBA.

Model Phosphate Ammonia nitrogen

T (K)

298.15 308.15 318.15 298.15 308.15 318.15

Langmuir

KL 0.208 0.138 0.050 0.012 0.012 0.008

qm (mg/g) 262.88 241.87 231.69 122.39 113.12 109.29

R2
adj 0.9904 0.9921 0.9441 0.9475 0.9594 0.9762

SD (mg/g) 6.845 5.552 13.354 5.924 4.756 3.342

Freundlich

KF 85.24 70.40 44.63 8.79 8.07 5.16

1/n 0.212 0.228 0.286 0.416 0.416 0.473

R2
adj 0.8186 0.879 0.8373 0.8788 0.8903 0.9237

SD (mg/g) 29.821 25.500 26.590 10.495 9.150 6.909

Sips

KS 0.1941 0.1213 0.0060 0.0007 0.0009 0.0012

qm (mg/g) 259.73 237.43 205.86 99.32 92.25 87.49

m 1.075 1.102 1.916 1.802 1.734 1.556

R2
adj 0.9900 0.9926 0.9900 0.9920 0.9969 0.9978

SD (mg/g) 6.539 5.032 5.980 2.446 1.226 0.954
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400CMBA surface was a non-homogeneous chemisorption
(Yin et al., 2019). The adsorption process was consistent with
the Freundlich model at low phosphate and ammonia nitrogen

concentrations and with the Langmuir model at high concen-
trations. It suggested that the adsorption of phosphate and
ammonia nitrogen on 400CMBA may be influenced by various
mechanisms, including physical and chemical adsorption,

which is consistent with the kinetic fit (He et al., 2022).
For the Langmuir model, the maximum adsorption capac-

ities were 259.73, 237.43 and 205.86 mg/g for phosphate and

99.32, 92.25 and 87.49 mg/g for ammonia nitrogen on
400CMBA at temperatures of 298.15, 308.15 and 318.15 K,
respectively. Usually 1/n represents the adsorption strength,

between 0 and 1. The smaller the 1/n value, the better the
adsorption performance. In this study, the 1/n of the Fre-
undlich model is less than 1, which confirms that the adsorp-

tion conditions are good, and the smaller 1/n value of
phosphate indicates that the affinity of 400CMBA to phos-
phate is stronger than that to ammonia nitrogen (Ahmed
et al., 2021).

3.2.8. Adsorption thermodynamics

The adsorption thermodynamics allows further analysis of the
influence of adsorption systems and conditions such as adsor-

bate, adsorbent, and solvent on the adsorption process.
Among them, determined the change in Gibbs free energy
changes (DG), entropy (DS) and enthalpy change (DH) used

to the spontaneity of the adsorption process, the nature of
the adsorption process and the applicability of the adsorption
process (Edet and Ifelebuegu, 2020). Investigated the effect of

thermodynamic temperature on the adsorption properties of
400CMBA on phosphate and ammonia nitrogen by varying
the temperature between 293.15 K and 318.15 K. The results

are shown in Fig. 8(a), (b) and Table 4. Fig. 8(a) showed that
the removal efficiency of both adsorbates showed a trend of
increasing and then decreasing with increasing temperature,
and reached the best removal effect at the reaction temperature
of 298.15 K. When the temperature was low, the number of
activated molecules in the reaction system increased with the
increase of the reaction temperature, which was favorable to

the formation of struvite crystallization. Continuing to
increase the reaction temperature, a significant decrease in
both phosphate and ammonia nitrogen removal and adsorp-
tion capacity occurred, probably because the solubility pro-

duct of struvite crystallization was inversely proportional to
the ambient temperature, which was not favorable for struvite
crystallization when the temperature was higher (Hanhoun

et al., 2011). Fig. 8(b) demonstrated the Van’t Hoff plots for
phosphate and ammonia nitrogen at different temperatures.
As shown in Table 4, the negative value of DG indicated that

the adsorption process of phosphate was spontaneous. While
the negative DG values of ammonia nitrogen gradually tended
to positive values, meaning that its adsorption was sponta-

neous but less efficient at higher temperatures. Negative values
of DH and DS indicated the exothermic nature of phosphate
and ammonia nitrogen adsorption and the reduced stoichiom-
etry of the interface between 400CMBA and the solution. The

results agreed with the findings of Isik et al. (2021). It had been
reported that DH values in the range of 2.1 to 20.9 kJ/mol indi-
cate physical adsorption, while DH values in the range of

20.9 kJ/mol to 418.4 kJ/mol indicate chemisorption (Yu
et al., 2022). In the present study, the DH of phosphate was
–56.68 kJ/mol, indicating the involvement of chemisorption

in the phosphate adsorption process. While DH of ammonia
nitrogen was –11.27 kJ/mol, indicating that physisorption
was involved in the adsorption process of ammonia nitrogen,
confirming that the adsorption of ammonia nitrogen by

400CMBA was not only controlled by the formation of stru-
vite crystallization.

3.2.9. Regeneration research

Renewability is an important index to evaluate the perfor-
mance of adsorbents. The commonly used solvents are NaOH,
HCl and alcohols (such as methanol, ethanol). In this study,



Fig. 8 (a) Effect of temperature on removal capacity. (b) Relationship curve between lnK and 1/T.

Fig. 9 Effect of reuse times of 400CMBA on removal capacity.

Table 4 Thermodynamic parameters for adsorption of phosphate and ammonia nitrogen onto 400CMBA.

Nutrient elements DH (kJ/mol) DS (J/mol·K) DG (kJ/mol)

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K

Phosphate –56.68 –159.10 –9.16 –9.73 –8.88 –8.17 –7.20 –5.11

Ammonia nitrogen –11.27 –38.53 0.22 0.17 0.29 0.41 0.72 1.25
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0.1 M HCl was used as the desorption solution, and the sam-
ples were subjected to 5 adsorption–desorption cycles. The

effect of reuse times of 400CMBA on its adsorption capacity
is shown in Fig. 9. It can be seen from the figure that the
removal ability of 400CMBA to phosphate and ammonia

nitrogen showed a large downward trend after 5 cycles, which
may be because phosphate and ammonia nitrogen occupied
more adsorption sites in the pores of 400CMBA (Li et al.,

2021). After the fifth cycle, the removal rates of phosphate
and ammonia nitrogen were less than 50% and 25%, respec-
tively. These results indicate that the reusability of 400CMBA
is not high. However, to our knowledge, 400CMBA after

adsorption of phosphate and ammonia is a potential slow-
release fertilizer. The effect of the practical application of recy-
cled 400CMBA in soil on seed growth needs further study.

3.3. Adsorption mechanism

Based on the physical and chemical properties of 400CMBA,

such as specific surface area, pore size distribution, FTIR
and XRD, as well as adsorption data such as initial pH solu-
tion, adsorption kinetics, adsorption isotherms and thermody-

namic studies, the possible mechanism of phosphate and
ammonia nitrogen adsorption on 400CMBA adsorbent can
be explained (Fig. 10(a)).

The adsorption of phosphate and ammonia nitrogen from

simulated wastewater by 400CMBA can be attributed to five
mechanisms: (1) physical adsorption. BA had a large specific
surface area and pore structure, and the thermal modification

treatment improved the pore structure and increased the
adsorption sites to a certain extent, thus improving the physi-
cal adsorption performance (Yuan et al., 2020). (2) Electro-

static adsorption. When 400CMBA met the aqueous
solution, the MgO on the surface of BA was immediately pro-
tonated to the MgOHþ form, which led to an increase of pH
value (Zhu et al., 2020). At the pH value range was between

5 and 10, the orthophosphate ions presented in the solution

were mainly HPO4
2- and H2PO4

- (Li et al., 2022a, 2022b).

Therefore, HPO4
2- and H2PO4

- were easily adsorbed to the
positively charged 400CMBA surface, but were not favorable

for the adsorption of positively charged ammonia nitrogen.

(3) Ion exchange. BA contains Ca2þ, Kþ, Mg2þ and Naþ

and other cations, which will be ion exchanged with the solu-
tion of ammonia nitrogen ions. (4) Complexation reaction.
Ligand exchange and complex precipitation are one of the



Fig. 10 (a) Proposed adsorption mechanism for uptake of phosphate and ammonia nitrogen onto CMBA. (b) EDX spectra of CMBA

after adsorption. (c) XRD patterns of CMBA after adsorption.
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adsorption mechanisms for phosphate removal by MgO mod-
ified materials (Li et al., 2022a, 2022b). (5) Chemical precipita-
tion. According to previous studies, struvite crystallization was

the primary mechanism for removing phosphate and ammonia
nitrogen from wastewater (Li et al., 2017). The contact of
400CMBA with the aqueous solution immediately released

large amounts of Mg2þ and OH-, which led to an increase of

pH value and Mg2þ concentration in the aqueous solution,

and then Mg2þ, phosphate and ammonia nitrogen formed
struvite crystallization at the appropriate pH.

To confirm the above mechanism, the precipitates obtained

under the optimal reaction conditions were collected, dried,
and sieved through a 200-mesh screen, and then characterized
by EDS and XRD assays. The EDS spectrum analysis showed
that there were phosphorus and nitrogen elements in

400CMBA composites after the treatment of phosphate and
ammonia nitrogen wastewater (Fig. 10(b)). The basic compo-
nents were C (18.51 wt%), Mg (13.41 wt%), O (46.02 wt%),

Si (5.01 wt%), Cl (2.11 wt%), Ca (0.89 wt%), K (0.45 wt%),
N (3.07 wt%) and P (10.53 wt%). Fig. 10(c) depicted the
XRD pattern of 400CMBA after adsorption. XRD analysis
showed that after 400CMBA was treated with ammonia nitro-
gen and phosphorus wastewater, a plurality of diffraction

peaks appeared at 15.81�(020), 46.47�(011), 20.85�(111),
21.45�(021), 25.61�(200), 27.09�(130), 30.60�(211),
31.91�(040), 33.28�(022) and 33.67�(211). These diffraction
peaks were consistent with the struvite crystallization of

MgNH4PO4�6H2O (JCPDS 15–0762), which confirmed the
formation of struvite crystallization (MgNH4PO4�6H2O) on
the surface of the 400CMBA composite (Cheng et al., 2017).

The primary mechanism of fixation of phosphate and ammo-
nia nitrogen in wastewater by the composite material was stru-
vite precipitation. Therefore, 400CMBA in the solution

containing phosphate and ammonia nitrogen may undergo
the following reactions:

MgOþH2O ! MgOHþ þOH� ð17Þ

Mg2þ þHPO2�
4 þNHþ

4 þ 6H2O ! MgNH4PO4 � 6H2O

# þHþ ð18Þ
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Mg2þ þH2PO
�
4 þNHþ

4 þ 6H2O ! MgNH4PO4 � 6H2O

# þ2Hþ ð19Þ
According to the results of the pH study, the adsorption

capacity of phosphate and ammonia nitrogen on 400CMBA

adsorbent depends on pH, so electrostatic adsorption is not
the main factor for phosphate and ammonia nitrogen removal.
In this study, the pHfinal range was between 9 and 10 (Fig. 4

(a)), which is consistent with the known alkaline environment
(pH at around 8–10) for the formation of struvite crystalliza-
tion. According to the above reaction of struvite crystallization

formation, a particular amount of Hþ was released during
struvite crystallization to neutralize OH- generated by MgO

hydrolysis. It facilitated the hydrolysis of MgO and the struvite
crystallization reaction to the right, thus eliminating the need
for an additional base source. In addition, an equal stoichio-

metric ratio of phosphate and ammonia nitrogen was expected
to be removed from the synthetic solution. However, it was
found that the amount of phosphate and ammonia nitrogen

adsorbed by 400CMBA was not consistent with the ratio of
1:1 M in this study. Still, that phosphate (�0.88 mM) was less
than ammonia nitrogen (�1.88 mM) per gram of 400CMBA.
Fig. 11 Potential of 400CMBA on supernatant solutions

treatment.

Table 5 Comparison of adsorption capacities of different adsorben

Adsorbent Temperature

(K)

qm (mg/g)

Phosphate Amm

nitro

Calcium alginate beads 298.15 7.91 15.20

Iron oxide nanoparticle-zeolite

hybrid

303.15 38.91 3.47

Calcium alginate-biochar composite 298.15 31.80 12.27

Modified clinoptilolite 298.15 0.87 3.33

Iron-loaded aminated

polyacrylonitrile fiber

298.15 24.14 n.g.

Ca-bentonite 293.15 n.g. 46.90

400CMBA 298.15 262.88 122.3

308.15 241.87 113.1

318.15 231.59 109.2

n.g: Not given.
The results indicated that the adsorption of ammonia nitrogen
by 400CMBA was not only controlled by the formation of
struvite crystallization but also by other processes. According

to the adsorption kinetic process of ammonia nitrogen and the
IPD model data (Table 2), it may be caused by the ion
exchange between the positively charged ammonia nitrogen

and the internal positively charged cations (Li et al., 2017).

3.4. Effectiveness of 400CMBA treatment of sewage sludge
supernatants

Based on the experimental results of the previous synthetic
solution, the sewage sludge supernatant adsorption experi-

ments were conducted, and the results are shown in Fig. 11.
The adsorption capacity of 400CMBA for phosphate and
ammonia nitrogen in the synthetic supernatant was like that
of the synthetic solution. In addition to phosphate and ammo-

nia nitrogen, this material also showed some adsorption capac-
ity for COD, which was consistent with the results of Li et al.
(2017). The adsorption equilibrium capacities of 400CMBA

86.00 mg/g phosphate, 28.29 mg/g ammonia nitrogen and
257.93 mg/g COD, respectively. In conclusion, the results indi-
cated that 400CMBA had high removal potential for phos-
ts for phosphate and ammonia nitrogen.

pH Dosage

(g/L)

Equilibrium

time (h)

Reference

onia

gen

6 5 1 Isik et al., 2021

6.37 7 0.5 Xu et al., 2020a,

2020b

8 4 24 Feng, et al., 2021

8.5 110 0.67 Huo et al., 2012

6 0.5 0.08 Xu et al., 2020a,

2020b

7 5 1.5 Sun et al., 2015

9 7 0.7 4 This work

2

9

Fig. 12 Potential of RCMBA for heavy metal ions adsorption.
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phate, ammonia nitrogen, and dissolved organic matter in the
sewage sludge supernatant. The maximum monolayer adsorp-
tion capacities of different modified adsorbents for phosphate

and ammonia nitrogen are shown in Table 5. The maximum
monolayer adsorption capacities of 400CMBA for phosphate
and ammonia nitrogen were 262.88 mg/g and 122.39 mg/g,

respectively. The 400CMBA composite had obvious advan-
tages in phosphate and ammonia nitrogen removal. In addi-
tion to treating sewage sludge supernatants, it can also

recover phosphate and ammonia nitrogen from other
eutrophic surface waters (e.g., livestock wastewater).

3.5. Potential and sustainability of RCMBA for heavy metal
adsorption

The removal effect of recovered RCMBA on Pb2þ, Zn2þ and

Cu2þ in the solution are shown in Fig. 12. Fig. 12 showed that

RCMBA had a particular adsorption effect on Pb2þ, Zn2þ and

Cu2þ, and its removal rates were 98.83%, 92.71% and 94.78%,
respectively. It may be because struvite crystallization loaded

on the surface of RCMBA produced phosphate ions under
the experimental conditions, and the resulting phosphate ions

reacted with Pb2þ, Zn2þ and Cu2þ to form precipitation with
low solubility (Li et al., 2016c, 2022a, 2022b; Zhu et al.,
2022). The adsorption equilibrium capacities of RCMBA were

494.13 mg/g Pb2þ, 139.06 mg/g Zn2þ and 142.17 mg/g Cu2þ,
respectively. However, the adsorption performance of recov-
ered RCMBA on heavy metal in the solution needs further
study. Future work will focus on the resource utilization of

RCMBA.
It should be noted that the BA used in this study is energy

solid waste, so the application cost of 400CMBA is much

lower than that of conventional adsorbents. In addition, the
abundant seawater resources contain a large amount of readily
available MgCl2, which can be used for BA residue for modi-

fication treatment. Most importantly, 400CMBA consists of
BA residue and MgO, both of which are environmentally
benign. Compared to conventional adsorbents, 400CMBA

enriched with struvite crystallization after adsorption of phos-
phate and ammonia nitrogen can not only be used as agricul-
tural fertilizer but also as a kind of heavy metal adsorbent. Li
et al. (2016b) applied the recovered phosphorus-loaded

20MMSB as a slow-release fertilizer. They significantly
increased the ryegrass yield and confirmed the potential of
phosphorus-loaded 20MMSB to replace phosphorus-based

fertilizers. Thus, using seawater and BA as raw materials for
the preparation of 400CMBA for the treatment of phosphate
and ammonia nitrogen in water has significant environmental,

social, and economic benefits.

4. Conclusion

In this study, a composite material CMBA was developed by in situ-

precipitation modification method using the solid waste of energy

industry-BA as raw material for the first time. Phosphate and ammo-

nia nitrogen in the sewage sludge supernatant were effectively removed

by simple adsorption. Experimental results showed that magnesium

oxide could be effectively loaded on the surface of BA at an Mg2þ con-

centration of 1.25 M and a calcination temperature of 400 �C.
400CMBA showed strong adsorption capacity in a wide initial pH

value range (at around 5–9), because it has alkalinity self-sufficiency.
In addition, the existence of cations or anions in the solution affected

the removal of phosphate and ammonia nitrogen to varying degrees.

Kinetics and isotherm analysis showed that the removal of phosphate

and ammonia nitrogen was controlled by chemisorption and influ-

enced by several adsorption mechanisms at the same time. Thermody-

namic parameters indicated that the adsorption process was

exothermic and spontaneous. The increase of temperature was not

conducive to the removal of phosphate and ammonia nitrogen. CMBA

regeneration studies showed that the removal rates of phosphate and

ammonia nitrogen were less than 50% and 25%, respectively, at the

fifth cycle. Adsorption mechanism analysis showed that the adsorption

mechanisms of 400CMBA for phosphate and ammonia nitrogen were

mainly physical adsorption, electrostatic attraction, ion exchange,

complexation reaction and chemical precipitation, in which chemical

precipitation dominated by struvite crystallization was dominant. Fur-

thermore, the removal of BA for ammonia nitrogen by ion exchange

could not be ignored. In addition to phosphate and ammonia nitrogen,

400CMBA also showed great removal performance for dissolved

organic matter when treating actual sewage sludge supernatants. In

addition, the RCMBA showed a special adsorption capacity for

Pb2þ, Zn2þ and Cu2þ in the solution. The content of this part needs

further study. In conclusion, MgO modification technology could real-

ize the resource utilization of BA from thermal power plant, and simul-

taneously remove and collect phosphate, ammonia nitrogen and

organic matter in sewage sludge supernatants. The RCMBA was not

only a potential agricultural fertilizer, but also a heavy metal adsor-

bent. Overall, this work provides a feasible way for the resource utiliza-

tion of energy solid waste-BA from thermal power plant, which will

promote the industrial solid waste treatment, nutrient recycling, and

environmental sustainability.
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