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ARTICLE INFO ABSTRACT

Keywords: Zirconium-modified materials exhibit good adsorption performance, but their large-scale application is limited
Phosphorous by the cost of carrier materials and the difficulty of solid-liquid separation of powder adsorbents. Therefore, in
Zr this study, we used low-cost gasification slag for zirconium oxide loading to avoid the aforementioned problems
Solid waste P . . . .

‘Adsorption and successfully prepared a novel gasification slag-based zirconium-doped magnetic adsorbent material (GS-
Wastelzvater Z2M). GS-Z2M is a mesoporous adsorbent material with a large specific surface area (188 m?%/g); it completely

adsorbed phosphate with an initial concentration of 10 mg/L within 3 h. The rate-controlling step of phosphate
removal using GS-Z2M was chemisorption. The Langmuir model proved more suitable for describing the
adsorption of phosphate on GS-Z2M than the Freundlich and Temkin models, and the maximum phosphate
adsorption capacity calculated using the Langmuir model was 26.02 mg/g. GS-Z2M showed good phosphate
adsorption selectivity and reusability (can be recycled at least 5 times). GS-Z2M also showed good capacity for
treating actual phosphate wastewater under dynamic flow conditions. The mechanism of phosphate adsorption
on GS-Z2M mainly involved ligand exchange and inner-sphere complexation. The obtained results suggest that
GS-Z2M is a promising adsorbent and vital for the development of phosphate adsorbents and recycling of
gasification slag.

1. Introduction

Phosphate, a key nutrient for aquatic plant growth, can promote
algal blooms, reduce water quality and affect the ecological health of
aquatic ecosystems when present in excessive amounts (Huo et al.,
2021). With the widespread use of phosphorus-containing substances,
phosphate pollution in water has become a serious environmental
problem, leading to the eutrophication of water bodies and subsequent
ecological imbalances (Yang et al., 2023a). Therefore, efficient and cost-
effective methods for phosphate removal from wastewater are urgently
needed.

Various approaches have been developed for the removal of phos-
phate from wastewater, in-cluding chemical precipitation, biological
treatment, ion exchange and adsorption (Yang et al., 2023b). Chemical
precipitation requires large quantities of chemicals, leading to high
treatment costs and risks of secondary environmental pollution.

* Corresponding authors.

Meanwhile, biological treatments involve long processing cycles and
require specific wastewater conditions. Ion exchange treatments, while
effective, are costly, demand stringent operating conditions and offer
limited selectivity. Among these methods, adsorption is considered
promising because of its simplicity, high efficiency and ease operation
(Bacelo et al., 2020). However, the success of adsorption techniques
largely depends on the selection of suitable adsorbents, which should
have high adsorption capacity, good selectivity, good stability and low
cost. Some researchers have explored metal-modified adsorbent mate-
rials for phosphate removal, including lanthanum-carbonate-modified
zeolite-derived materials (Yang et al., 2022c), lanthanum carbonate
loaded microfiber composite materials (Yang et al., 2020), iron-
lanthanum bimetallic carbon nanotube films (Yang et al., 2024b),
lanthanum-carbonate-loaded microfibre composites (Yang et al.,
2024a), Zr-based metal-organic frameworks with Fe and Ce bimetals for
magnetic adsorption (Yang et al., 2022b), polyethylene imine and
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carboxymethyl cellulose composites (Yang et al., 2021) and metal-
organic frameworks (Peng et al., 2024). However, these adsorbent ma-
terials encounter limitations, including limited availability, complex
preparation processes and poor stability in acidic environments.

Given the adsorption affinity of Zr for phosphate and the good sta-
bility of Zr-modified materials in acidic environments (Sun et al., 2018),
researchers have recently focused on using these materials for phosphate
adsorption. Currently, most Zr-modified materials include synthetic
zeolite (Xie et al., 2017), biochar (Aryee et al., 2021) and minerals (Huo
et al., 2021). However, these carrier materials also present drawbacks,
such as limited availability, high energy consumption and considerable
preparation costs, underscoring the need to identify widely available
and cost-effective alternatives.

In recent years, adsorbents derived from industrial waste materials
have attracted considerable attention. Such adsorbents not only offer
economic advantages but also contribute to waste reduction and recy-
cling. A previous study compared and analysed the phosphate removal
performance of blast furnace sludge and Kanbara reactor powder from
water. The two waste materials achieved a phosphate removal efficiency
of ~99 % within 24 h. In addition, regardless of the solution pH, a
phosphate removal rate of ~97 % was achieved within the first 10 min
of adsorption (Da Silva et al., 2022). Fly ash-biochar-iron and coal
gangue-biochar-iron have been prepared by mixing fly ash and coal
gangue with pine wood, followed by carbonisation, activation and
impregnation with ferric chloride; these materials showed phosphate
adsorption capacities of 3.08 and 3.2 mg/g, respectively (Qiu and Duan,
2019). Copper nitrate solutions with different initial concentrations
have also been used to modify X-type zeolite derived from fly ash,
resulting in a maximum adsorption capacity of 87.7 mg/g (Mokrzycki
et al., 2022). These studies have shown that the phosphate adsorption
performance of different solid waste materials varies and the phosphate
adsorption capacity of most pure solid waste materials is limited.
However, as of now, few studies have focused on the removal of phos-
phate from water using coal gasification slag (CGS), which is a by-
product of coal gasification (Miao et al., 2022). The rapid develop-
ment of coal gasification technology has led to a significant increase in
CGS emissions, and the treatment of CGS has gradually attracted
considerable attention (Guo et al., 2023). China has been reported to
produce over 70 million tonnes of CGS annually, with only a very small
portion of it utilised and a major portion simply dumped or landfilled
(Zhu et al., 2024). The dumping or landfilling of a large amount of CGS
causes waste of land resources and poses a potential threat to the sur-
rounding environment (Su et al., 2024). Coal gasification coarse slag
(CGCS) is a type of CGS with well-developed pores and a certain specific
surface area (10 mz/g) (Shu et al., 2022; Yang et al., 2023c). Compared
to mineral materials and other carriers, such as zeolite, biochar and clay
minerals, CGCS offers advantages in terms of large reserves, easy
availability and low cost. Therefore, it is necessary and important to
study phosphate adsorption using CGCS-based adsorbents.

Our research team has conducted early-stage studies on phosphate
removal using CGCS (Yang et al., 2022a; Yang et al., 2023c) and found
that CGCS has excellent phosphate adsorption performance, but en-
counters difficulties in solid-liquid separation. Therefore, we integrated
magnetic properties into the adsorbent in this study for easy separation
and recycling. To further enhance the phosphate adsorption perfor-
mance of magnetic CGCS, zirconia was introduced into it. The individual
phosphate adsorption capacities of pure zirconia (HZO), Fes04 and
CGCS are limited. However, combining these three materials can
considerably enhance phosphate adsorption, improving the adsorption
performance of CGCS while also addressing challenges of solid-liquid
separation. In this study, the use of CGCS enabled effective phosphate
removal from water, exemplifying an innovative approach of using
waste materials to treat pollutants.

In this study, we focused on 1) synthesising a novel Zr-doped mag-
netic CGCS adsorbent for phosphate removal and characterising related
materials, 2) exploring the phosphate removal performance of the
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adsorbent under external conditions (such as in the presence of
competing ions and at different pH levels) and 3) determining possible
phosphate removal mechanisms. This article proposes a new approach
for the preparation of phosphate removal adsorbents for wastewater
remediation and CGCS utilisation.

2. Materials and methods
2.1. Materials

CGCS was obtained from a chemical enterprise in Ningxia; it was
ground and sieved through a 200-mesh sieve. It consisted of SiO3 (55.5
%), Al,O3 (15.6 %), CaO (10.9 %), Fe303 (8.1 %), MgO (2.26 %), C (2.9
%), Naz0 (1.52 %), K20 (1.23 %), TiO3 (0.72 %) and other compounds
(1.27 %).

Ferrous sulphate heptahydrate (FeSO4-7H0), ferric chloride hexa-
hydrate (FeCl3-6H30), sodium hydroxide (NaOH) and hydrochloric acid
(HCI) were purchased from Sinopharm Group, and potassium dihy-
drogen phosphate (KH2PO4) and potassium antimony tartrate
(C4H4K075b~1/2H20) were purchased from Tianjin Kemiou, China.
Synthetic wastewater with different phosphate concentrations was
prepared by diluting a 1000 mg/L stock solution of KHoPO4. All reagents
were AR-grade.

2.2. Preparation of materials

The magnetic adsorption materials were prepared from CGCS via a
one-step co-precipitation method (Fig. S1). Specifically, 1.61 g of CGCS,
FeSO4-7H20 and FeCls-6H20 were weighed and added to a 250-mL
conical flask at Zr:Fe3O4 molar ratios of 1:2, 1:1, 2:1 and 3:1. Then,
50 mL of deionised (DI) water was added, and the mixture was
magnetically stirred, ultrasonicated for 2 min and further stirred for 20
h. The mixture was subsequently heated to 60 °C, and NaOH was added
dropwise until the pH of the mixture reached 12. The mixture was then
further heated and stirred for a certain period, followed by washing with
deionised water until neutral pH level was attained and then dried at
70 °Cin a blast drying oven, yielding the target adsorbent materials. The
materials with Zr:Fe3O4 molar ratios of 1:2, 1:1, 2:1 and 3:1 were named
CS-ZM2, CS-ZM, CS-Z2M and CS-Z3M, respectively. The preparation of
HZO and Fe304 was performed under similar conditions as mentioned
above, except for the absence of CGCS.

2.3. Sample characterizations

The chemical composition of CGCS and CS-Z2M were determined via
X-ray fluorescence spectroscopy (Panalytical Axios, Netherlands).
Microstructure and surface elemental composition were determined via
scanning electron microscopy and energy-dispersive spectroscopy (SEM-
EDS); Zeiss Gemini 300, Germany). Functional groups were detected
using Fourier transform infrared (FTIR) spectroscopy (Thermo Scientific
Nicolet 6700, USA). Crystalline properties were evaluated through X-ray
diffraction (XRD; LabX XRD-6000, Japan) with Cu Ka radiation (40 kV,
30 mA) at a rate of 2°/min over a scanning range of 10-80°. Elemental
composition and binding energies were analysed using X-ray photo-
electron spectroscopy (Thermo Scientific K-Alpha, USA). The point of
zero charge (pHpzc) of the samples was evaluated using the pH drift
method (Zhao et al., 2020).

2.4. Adsorption experiments

The adsorbents were added to 50 mL of a phosphate solution with a
certain concentration and an initial pH of 6 at a dosage of 1 g/L and
allowed to react in a water bath shaker at 25 °C for 24 h. After the re-
action, the mixtures were centrifuged, and the residual phosphate con-
centration in the supernatants was determined using molybdenum
antimony spectrophotometry. The method used to determine the
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adsorption capacity (q) is described in detail in Text S1 (Supplementary
Materials).

The initial pH of the solution was adjusted to 3-10 using 0.1 M HCl or
NaOH to evaluate the effect of pH levels on the phosphate adsorption
performance of the adsorbents. The effects of different anions and humic
acid (HA) on the phosphate removal performance of the prepared ad-
sorbents were studied using NaCl, Na;SO4, NaNO3 and NaHCOj3 solu-
tions with concentrations of 1 and 10 mM as well as HA solutions with
concentrations of 35 and 70 mg/L. Adsorption isotherms were obtained
in a phosphate concentration range of 20-65 mg/L. Finally, adsorption
kinetics were investigated in the duration range of 0.5-11 h. All the
adsorption experiments were conducted thrice.

Saturated magnetic adsorbents were desorbed for 24h in a constant-
temperature water bath shaker at 160 rpm using 50 mL of a 1 mol/L
NaOH solution. Then, the adsorbents were washed several times with DI
water and dried. After desorption, they were used in the next phosphate
adsorption experiment. Thus, five adsorption-desorption cycles were
performed to evaluate the desorption and regeneration performance of
the adsorbents.

Further, leaching tests were performed to investigate the metal
leaching of GS-Z2M in DI water and phosphate solutions. For the tests,
50 mg of GS-Z2M was added separately to 250-mL conical flasks con-
taining 50 mL of DI water and a phosphate solution (40 mg/L). These
solutions were then agitated at 160 rpm for 24 h in a water bath oscil-
lator at pH = 3 and 6. The toxicity leaching tests were conducted using
the horizontal vibration method (HJ 557-2010). In this study, reaction
time and rotational speed were based on preliminary experiments. We
compared adsorption effects at 12, 24 and 48 h, finding that adsorption
equilibrium was nearly realised at 24 h. Similarly, we evaluated
adsorption effects at rotational speeds of 120, 160 and 200 rpm,
selecting 160 rpm to achieve optimal balance between energy efficiency
and adsorption performance.

Dynamic flow tests were also conducted with synthetic and actual
wastewater samples to evaluate the phosphate removal performance of
GS-Z2M under dynamic flow conditions. These experiments were con-
ducted in a Plexiglas tube with an inner diameter of 12 mm and a length
of 130 mm. In particular, 2.5 g of GS-Z2M (~3-cm bed height) was
placed at the centre of the tube and balls of skimmed cotton wool were
placed at the top and bottom of the tube to prevent sample loss. A
peristaltic pump (Rongbai BT 100) controlled the flow rate at 1 mL/min
(Yang et al., 2023c; Yin et al., 2017). Wastewater entered from the
bottom of the tube and exited from the top, where treated water was
collected and analysed for determining residual phosphate
concentration.

3. Results and discussion
3.1. Phosphate adsorption

3.1.1. Effects of the Zr/magnetite molar ratios on the phosphate adsorption
capacity

As illustrated in Fig. 1, the individual phosphate adsorption capac-
ities of HZO, Fe304 and CGCS are limited. However, combining these
three materials results in improved adsorption capacity, likely attributed
to their synergistic effect, as confirmed by FTIR analysis. Preliminary
experiments demonstrated that the simultaneous deposition of Zr and Fe
resulted in faster magnetic separation properties of the prepared ad-
sorbents than when Zr was loaded onto magnetic CGCS after Fe (Fig. S2).
Therefore, based on the results of the preliminary experiments, magnetic
adsorbents for the main experiments were prepared through the
simultaneous precipitation of Zr and Fe. As the Zr content increased, the
phosphate adsorption capacity of the obtained adsorbents increased. GS-
Z2M exhibited the best adsorption capacity among the prepared ad-
sorbents, which was attributed to the good adsorption affinity of Zr to-
wards phosphate. However, a high Zr content does not necessarily result
in better adsorption capacity. Above a certain value, an increase in the
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Fig. 1. Effects of zirconium/magnetite mole ratio on phosphate adsorption
capacity. Adsorption conditions: temperature: 25 °C; oscillation rate: 160 rpm;
reaction time: 24 h; sorbent dose: 1 g/L; pH: 6; phosphate concentration: 40
mg/L.

Zr content causes a decrease in the adsorption capacity. This may be
attributed to the aggregation of nano-zirconium oxide, resulting in a
decrease in the specific surface area. Nanoparticles exhibit exceptionally
large specific surface areas owing to their small sizes, which results in
strong van der Waals forces and other surface interactions between
them, making them susceptible to agglomeration. Therefore, GS-Z2M
was selected as the optimal adsorbent for subsequent experiments.

3.1.2. Influence of solution pH on the phosphate adsorption capacity
Phosphate species in the reaction solution and surface charge prop-
erties of GS-Z2M were both affected by solution pH; therefore, the
elucidation of the effect of pH levels on the on adsorption performance
was particularly important. The phosphate adsorption capacity of GS-
Z2M decreased with increasing pH (Fig. 2). The adsorption of phos-
phate on GS-Z2M was significantly affected by the solution pH. Under
acidic conditions, GS-Z2M exhibited a high phosphate adsorption ca-
pacity. With increasing pH, the adsorption capacity gradually decreased,
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Fig. 2. Variation of phosphate adsorption capacity of GS-Z2M with respect to
pH. Adsorption conditions: temperature: 25 °C; oscillation rate: 160 rpm; re-
action time: 24 h; sorbent dose: 1 g/L; phosphate concentration: 60 mg/L.



B. Yang et al.

indicating that acidic conditions are more conducive to phosphate
adsorption. As detailed in Text S2 (Supplementary Materials), within the
pH range of 3-10, phosphate mainly exists in the form of H,PO4 and
HPO%’ (Abdellaoui et al., 2021; Xiong et al., 2017). The pHpzc of GS-
Z2M was found to be 8.2 (Fig. 10). At pH values of <8.2, the surface
of GS-Z2M was positively charged, resulting in the electrostatic
adsorption of H,PO4 and HPO%’ (Asaoka et al., 2021; Yu et al., 2015).
At pH values of >8.2, the surface of GS-Z2M became negatively charged,
leading to the repulsion between the adsorbent and negatively charged
H,POz and HPOZ ™, reducing the adsorption performance. At the same
time, with increasing pH, the concentration of OH™ increased, resulting
in a competition for adsorption sites between the phosphate ions and
OH™ (Yang et al., 2024a).

Notably, the final pH of the reaction solution increased when initial
pH was 3-9. This was attributed to ligand exchange between phosphate
ions and the hydroxyl groups on the surface of GS-Z2M, which increased
the concentration of OH™ in the reaction solution, leading to an increase
in the pH level (Liao et al., 2018). For initial pH values of >9, the final
pH decreased, which was attributed to the higher adsorption of OH™ on
GS-Z2M compared to phosphate ions in a strongly alkaline environment,
resulting in a decrease in the concentration of OH™ in the reaction so-
lution (Aratjo et al., 2018; Yang et al., 2024a).

3.1.3. Effects of coexisting anions and HA

In practical application, organic matter and coexisting anions (such
as HA, nitrate, sulphate and bicarbonate) in water bodies may affect the
phosphate removal performance of adsorbents. Therefore, the phos-
phate removal performance of GS-Z2M in the presence of competing
ions was investigated. As shown in Fig. 3, competitive anions did not
significantly affect phosphate removal by GS-Z2M. According to a pre-
vious study (Min et al., 2019), outer-sphere complexation is affected by
the concentration of competitive anions while inner-sphere complexa-
tion is insensitive to it. Therefore, the binding of phosphate to GS-Z2M
likely occurred through inner-sphere complexation. Similar phenom-
ena have also been reported in other studies (Liu et al., 2019a; Liu et al.,
2019b).

The results of competitive adsorption experiments indicated that GS-
Z2M selectively adsorbed phosphate; the absorbent could later be
leveraged to recover high-purity phosphate through desorption and
regeneration. Thus, GS-Z2M is a promising phosphate adsorbent. HA, a
macromolecular natural organic matter widely present in nature, con-
tains active functional groups (such as carboxyl, phenolic and ketone
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Fig. 3. Effects of coexistent anions and humic acid. Adsorption conditions:
temperature: 25 °C; reaction time: 24 h; sorbent dose: 1.0 g/L; phosphate
concentration: 40 mg/L.
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groups) that usually affect the performance of adsorbents. Herein, HA
affected the removal of phosphate by GS-Z2M, but to a limited extent.
With increasing concentration of HA, its adsorption also increased.
Given the complex structure of HA, the mechanism of this effect needs to
be further studied.

3.1.4. Adsorption isotherms

To evaluate the adsorption capacity of GS-Z2M, its adsorption
isotherm was obtained. As shown in Fig. 4 and Table S1, the maximum
phosphate adsorption capacity of GS-Z2M was 26.02 mg/g, exceeding
the adsorption capacities of most previously reported zirconium-,
lanthanum- and solid-waste-based adsorbents (Table S2).

To explore the possible mechanism of the reaction between GS-Z2M
and phosphate, the experimental adsorption data were fitted and ana-
lysed using Langmuir, Freundlich and Temkin models (Text S3). As
detailed in Table S1, the Langmuir model showed a higher fitting co-
efficient (R% = 0.992) compared to greater than those of the Freundlich
(R2 = 0.965) and Temkin models (R2 = 0.958), indicating that phos-
phate adsorption onto GS-Z2M likely occurred through monolayer
adsorption (Huang et al., 2020; Xiong et al., 2017), and the GS-Z2M
surface was likely homogeneous (Koh et al., 2020). The Langmuir
isotherm model assumes a homogeneous adsorbent surface with inde-
pendent adsorption sites, where no spatial hindrance exists between
adjacent sites, resulting in single-layer adsorption. In contrast, the
Freundlich model applies to multi-layer adsorption on heterogeneous
surfaces, while the Temkin model assumes that the adsorption heat of all
molecules within the adsorption layer decreases linearly with increasing
surface coverage (Aratjo et al., 2018; Kegl et al., 2020; Li et al., 2020;
Usman and Khan, 2022).

3.1.5. Adsorption kinetics

Adsorption kinetics are important for evaluating adsorbents. Phos-
phate adsorption kinetics on GS-Z2M are shown in Fig. 5 and Table S3.
At an initial concentration of 10 mg/L, phosphate was almost
completely adsorbed within 3 h (Fig. 5a), indicating that GS-Z2M can
rapidly remove phosphate.

To further explore the adsorption mechanism, two commonly used
kinetic models (Text S4) were employed to fit the experimental data
(Table S3). The pseudo-second-order equation suggests that the
adsorption rate is proportional to the number of active adsorption sites,
indicating that the process is reversible. This model also implies that the

26
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Fig. 4. Langmuir, Freundlich and Temkin adsorption isotherm of GS-Z2M.
Adsorption conditions: oscillation time, 24 h; sorbent dose, 1.0 g/L; tempera-
ture, 25 °C; initial phosphate concentration, 20-65 mg/L.
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Fig. 5. Adsorption kinetics plots fitted with (a) pseudo-first-order, pseudo-second-order model, and (b) intraparticle diffusion models. Adsorption conditions:
temperature, 25 °C; adsorbent dose, 1.0 g/L; initial phosphate concentration, 10 mg/L.

rate-controlling step most likely involves chemical interactions, pri-
marily indicating that the adsorption process between the adsorbent and
adsorbate is chemical adsorption (Guo et al., 2021). The results indicate
that the R? value for the pseudo-second-order equation (0.993) was
higher than that for the pseudo-first-order equation (0.786), with the
fitted values (ge,cal = 10.02) obtained using the pseudo-second-order
equation being very close to the experimental data (geexp = 9.99).
Therefore, the pseudo-second-order equation better described the
phosphate removal process of GS-Z2M. Thus, the rate-controlling step of
phosphate removal by GS-Z2M was chemical adsorption (Jung et al.,
2019).

To further clarify the diffusion mechanism and rate-limiting step, the
experimental data were simulated using the intraparticle diffusion
model. As depicted in Fig. 5b, the fitting curve comprises three straight
lines, each representing a stage in the adsorption of phosphate onto GS-
Z2M. The first stage reflects the rapid migration of phosphate ions from
the bulk solution to the surface of GS-Z2M, primarily controlled by
membrane or boundary layer diffusion. In the second stage, phosphate
ions transfer from the external surface of GS-Z2M to internal adsorption
sites, with the rate-limiting step being intra-particle or pore diffusion.
The third stage signifies adsorption equilibrium, where the adsorption
rate decreases substantially until stabilisation, indicating that the
adsorption sites are fully occupied. The second segment does not pass
through the origin (C # 0; Table S3), suggesting that the adsorption rate
is controlled by multiple stages. The slope of the first stage exceeds that
of the second stage (kiq1 > kiqo; Table S3), suggesting that membrane
diffusion or boundary layer transport is the main rate-controlling step,
intra-particle diffusion in the second stage is a secondary rate-limiting
step and the third stage corresponds to the attainment of adsorption
equilibrium (Jung et al., 2019; Konicki et al., 2017; Shan et al., 2019).

3.1.6. Reusability of the adsorbents

Cyclic adsorption performance is one of the important indicators of
comprehensive adsorbent performance; thus, the reusability of GS-Z2M
was explored. As shown in Fig. 6, the adsorption capacity decreases with
cycling, attributed to the formation of inner-sphere complexes between
phosphate ions and GS-Z2M, which are more difficult to desorb than
physically adsorbed phosphate ions (Huang et al., 2020). In addition,
according to the results of the metal ion leaching experiments discussed
in Section 3.1.7, a small amount of Fe ions leached from GS-Z2M in
water, and the number of effective active sites on GS-Z2M gradually
decreased with cycling, resulting in a corresponding decrease in the
adsorption capacity. Nevertheless, the phosphate adsorption capacity of
GS-Z2M in the fifth cycle remained above 57 % that in the first cycle,
indicating that GS-Z2M has good reusability and is a promising phos-
phate adsorbent.

%25- >

gzo- / 7

%15- / % % % >
Sl
< 0-_% / % / /

Cycle number

Fig. 6. Relationship between the adsorption capacity of GS-Z2M and the
number of cycles. Adsorption conditions: GS-Z2M dose: 1.0 g/L; initial phos-
phate concentration: 40 mg/L; eluant: 50 mL of 1 M NaOH; reaction time: 24 h;
temperature: 25 C).

3.1.7. Metal leaching

To investigate whether GS-Z2M causes secondary environmental
pollution during phosphate removal, we conducted heavy-metal leach-
ing experiments and analysed the leaching of Zr and Fe in DI water and
phosphate solutions. As shown in Table S4, the content of heavy metals
leached from GS-Z2M is lower than the concentration limit of Class I
surface water prescribed in China’s surface water environmental quality
standards (GB 3838-2002). This proves that GS-Z2M is safe and does not
cause secondary pollution. The analysis results of Zr and Fe leaching in
DI water and residual phosphate solution after phosphate adsorption
(Table S5) indicate that a small amount of Fe and Zr was leached in DI
water. However, the leaching amount is negligible, indicating that GS-
Z2M can be considered inert and safe (Dou et al., 2011; Khan and
Sharma, 2019). Interestingly, the Fe content in the residual phosphate
solution after phosphate removal was significantly lower than that in DI
water, indicating the occurrence of reactions between Fe and phosphate.

3.1.8. Column adsorption tests
To evaluate the performance of GS-Z2M in treating real phosphate
wastewater under dynamic flow conditions, fixed-bed experiments were
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conducted. The breakthrough point in these experiments was set at 0.5
mg/L, based on the phosphate concentration limit specified in the Chi-
nese urban wastewater control standard (GB 18918-2002). The experi-
mental phosphate wastewater was collected from the secondary
sedimentation tank of a wastewater treatment plant in Yinchuan, and its
primary components are listed in Table S6. For the comparison of the
experimental wastewater with synthetic wastewater, the initial phos-
phate concentration was adjusted to 5 mg/L. The dynamic column had
an empty bed volume (BV) of 3.39 mL with a flow rate of 1 mL/min. As
illustrated in Fig. 7, GS-Z2M demonstrated good performance in treating
actual phosphate wastewater under dynamic flow conditions, process-
ing over 199 BV of the real wastewater. Meanwhile, GS-Z2M treated
more than 294 BV of the synthetic wastewater. This discrepancy is likely
attributed to the presence of impurity ions in the actual wastewater,
interfering with phosphate adsorption.

3.2. Phosphate removal mechanism

3.2.1. Morphological and structural characterisation of the absorbents

The morphologies and elemental compositions of CGCS, GS-Z2M and
GS-Z2M after phosphate adsorption are illustrated in Fig. 8. The
morphology of CGCS comprises irregular blocks of different sizes. After
the introduction of Fe and Zr, CGCS transformed into GS-Z2M, showing
flocculent and regular crystalline substances. EDS results showed Zr and
a large amount of Fe in GS-Z2M, indicating that zirconium and iron were
successfully loaded onto CGCS. XRD results suggested that these floc-
culent substances may be zirconium oxides while the regular crystalline
substances are magnetic Fe3O4. After phosphate adsorption onto GS-
Z2M, numerous tiny particles were observed on the surfaces of the
flocculent and regular crystalline structures. EDS analysis revealed new
phosphorus signals, indicating successful phosphorus adsorption onto
GS-Z2M.

The specific surface area and pore size of GS-Z2M and CGCS were
studied using Ny adsorption-desorption isotherms and Bar-
rett-Joyner-Halenda pore size distribution, respectively (Fig. 9 and
Table S7). According to IUPAC definitions (Thommes et al., 2015), both
GS-Z2M and CGCS exhibited type IV isotherms and H3 hysteresis loops
(Fig. 9a), suggesting the presence of slit-shaped pores (Zhou et al., 2011;
Zhu et al., 2021). The hysteresis loop observed at P/PO > 0.8 further
indicated that GS-Z2M predominantly comprised mesoporous structures
(Wang et al., 2015). The pore size distributions of GS-Z2M and CGCS
(Fig. 9b) confirmed their mesoporous nature, with pore sizes mainly
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Fig. 7. Dynamic column penetration curves of GS-Z2M treated synthetic
wastewater versus actual wastewater. Adsorption conditions: influent phos-
phate concentration, 5 mg/L; flow rate, 1 mL/min; temperature, 25 °C.
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concentrated in the range of 3-4 nm. The specific surface area of GS-
Z2M was 188 mz/g, nearly 19 times that of CGCS (Table S7), while its
cumulative pore volume was 0.2097 cm®/g, more than 16 times that of
CGCS. Such mesoporous structures and large specific surface areas
greatly enhanced the phosphate adsorption performance of the
absorbent.

3.2.2. pHPZC

The change in the pHpy value after adsorption can help elucidate the
adsorption reaction mechanism of phosphate, as shown in Fig. 10. The
initial pHpyc of GS-Z2M was 8.2. After phosphate adsorption, the pHpyzc
value decreased to 6.3, indicating specific adsorption and formation of
inner-sphere complexes. Generally, the formation of outer-sphere com-
plexes does not alter the isoelectric point of an adsorbent because of
insufficient interaction between the adsorbent and adsorbate (Huo et al.,
2021). In contrast, inner-sphere complexes (specific adsorption) of an-
ions increase the negative charge of the adsorbent surface, resulting in a
shift in the pHpyc value of the adsorbent towards a lower isoelectric
point (He et al., 2017).

3.2.3. XRD results

As illustrated in Fig. 11, the main crystal phase of CGCS was SiO».
After the introduction of Zr and Fe into CGCS, Fe304 was detected,
indicating that magnetite was successfully loaded onto CGCS. Further,
no crystal phases of Zr were detected, indicating that Zr was present in
an amorphous form in GS-Z2M. The intensity of quartz peaks signifi-
cantly decreased after the introduction of Zr and Fe, and some quartz
peaks disappeared, indicating that sodium hydroxide and quartz un-
derwent a chemical reaction during modification, damaging the crystal
structure of quartz. After the adsorption of phosphate on GS-Z2M, no
significant changes were observed in the crystalline state of GS-Z2M,
indicating that phosphate mainly existed in an amorphous form.

3.2.4. FTIR results

As illustrated in Fig. 12, the bands at 3423 and 1627 cm ™, assigned
to the vibrations and deformation of constitutive water (O-H) (De Fili-
ppis et al., 2021; Varas et al., 2005), were observed in the spectra of all
samples. The band at 1058 cm ™! was a characteristic of Si-O stretching
vibrations in silica or silicates (Navarro et al., 2010; Yuan et al., 2022),
and the band at 481 cm™! was assigned to Si—O-Si or Si—-O—Al symmetric
stretching or bending vibration (Wu et al., 2021; Yang et al., 2023b).
After modification with Zr and Fe (GS-Z2M), the intensity of these
characteristic peaks decreased and the peak positions shifted, indicating
that zirconia and magnetite were generated along with the decomposi-
tion of the original quartz or silicate components by alkaline solutions,
consistent with the XRD results. The peaks around 571 and 556 cm™!
were attributed to the stretching vibrations of the Fe-O bonds in FezO4
(Alamgholiloo et al., 2021; Xu et al., 2022). The positions of the Fe-O
peaks of Fe3O4 in GS-Z2M shifted after phosphate adsorption, indicating
that Fe3O4 not only participated in phosphate adsorption but also
maintained magnetism after phosphate adsorption, which is beneficial
for solid-liquid separation. The peak at 945 cm™! corresponded to hy-
droxyl group deformation (Navarro et al., 2010), and the peaks at 1575
and 1361 cm ™! corresponded to Zr-OH vibrations (Yang et al., 2022a);
these peaks disappeared after the adsorption of phosphate on GS-Z2M,
indicating that hydroxyl groups and Zr-OH on GS-Z2M underwent
ligand exchange with phosphate, forming inner-sphere complexes. The
peaks around 973 and 556 cm™! were attributed to the stretching vi-
brations of P-O bonds in the phosphate group (Coulibaly et al., 2016;
Kumar et al., 2021). The emergence of these P-O peaks confirmed that
phosphate adsorption was dominated by chemisorption and formation
of inner-sphere complexes, consistent with the results presented in
Section 3.3.1.

In summary, by analyzing the effect of solution pH on phosphate
adsorption, changes in pHpyzc before and after phosphate adsorption,
FTIR analysis, etc., the mechanism of phosphate adsorption on GS-Z2M
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Fig. 8. SEM and EDS spectra of CGCS (a,d), GS-Z2M (b,e) and GS-Z2M after phosphate adsorption (c,f).

mainly involve ligand exchange and inner-sphere complexation.
4. Conclusions

Herein, a series of Zr-doped magnetic gasification CGCS adsorption
materials were prepared using a simple one-step co-precipitation
method. The adsorbent with a 2:1 ratio of Zr to magnetite (GS-Z2M)
showed the best adsorption capacity among the prepared adsorbents,
which was attributed to the good adsorption affinity of Zr for phosphate.
GS-Z2M was a mesoporous material with a specific surface area of 188
m?/g, which is nearly 19 times that of CGCS. It showed the maximum
phosphate adsorption capacity of 26.02 mg/g. GS-Z2M almost
completely adsorbed phosphate with an initial concentration of 10 mg/L

within 3 h. This adsorption behavior was well described by the Langmuir
isotherm and pseudo-second-order models. Notably, GS-Z2M exhibited
good phosphate adsorption selectivity. This adsorbent performed well
for at least 5 adsorption—desorption cycles, with the phosphate adsorp-
tion capacity in the fifth cycle exceeding 57 % of that in the first cycle.
Ligand exchange and inner-sphere complexation between GS-Z2M and
phosphate were found to be the main adsorption mechanisms. This
article proposes a novel phosphate adsorbent prepared by recycling
CGCS. Under dynamic flow conditions, GS-Z2M can continuously treat
over 199 BV of actual wastewater and 294 BV of synthetic wastewater.
This study examined phosphate adsorption in simulated wastewater,
followed by adsorption studies on various types of actual wastewater
samples. The spent GS-Z2M is expected to be repurposed for use in
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functional soils for mine-site greening.
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