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Abstract. In situ covering and adsorption is a crucial strategy for rapidly reducing the phosphorus content in
lake water and suppressing the release of phosphorus from sediments. However, employing rare earth
elements or complex modifications of adsorbent materials lead to elevated energy consumption and high
costs. Considering the accessibility, affordability, and high ecological safety of calcium hydroxide, red soil,
and Calcium-based bentonite, we prepared calcium-red soil-bentonite (CRB) granular adsorbents with
different ingredients and investigated their effectiveness. The results showed CRBs with red soil proportions
of 60-90% outperformed those with red soil proportions of 0-40%. Specifically, the phosphorus removal
efficiency of CRB2 (C:R:B =1:8:1) exceeded 95%. Also, the adsorption kinetics of CRB2 conformed to
pseudo-second-order kinetics and the Elovich model, indicating that CRB2 had a highly heterogeneous
surface and that its phosphorus adsorption was chemisorptive. The adsorption isotherm of CRB2 fitted the
Langmuir and D-R models, suggesting that the phosphorus adsorption by CRB2 was monolayer
chemisorption, with a theoretical maximum adsorption capacity of 17.21 mg/g. Practical application tests
revealed that CRB2 effectively lowing phosphorus in the water and suppressing the release of phosphorus
from the sediments. These results demonstrate that CRB2 has a potential for large-scale field applications.
Keywords: modified clay, eutrophication, lake restoration, phosphorus control, adsorption kinetics

Introduction

Elevated phosphorus (P) content in water bodies as a consequence of human
activities is a major factor triggering algal blooms in lakes. In many cases, even with
effective control of exogenous phosphorus loading, harmful algal blooms persist due to
the release of endogenous phosphorus, and may continue for several decades (Liirling et
al., 2016). Hence, effective strategies to control endogenous phosphorus loading in
lakes are imperative.

Endogenous phosphorus loading control typically involves ex situ and in situ control
methods. Ex situ control often employs sediment dredging, a technology that, while
mature and thorough in purifying pollutants, causes substantial sediment disturbance,
disrupts lake ecosystems, involves significant engineering efforts, and incurs high costs
(Yin et al., 2021). In contrast, in situ control, which includes physicochemical remediation
and biological remediation, offers ease of construction, less sediment disturbance, and
lower treatment costs. Among the physicochemical remediation approaches, metal-based
compounds or metal-modified clay minerals are extensively used in lake geoengineering.
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The most widely used among these is lanthanum-modified bentonite, yet aluminum, iron,
and calcium salts and their modified clay minerals are also frequently utilized (Ma et al.,
2022; Yanget al., 2022; Zhang et al., 2019). The addition of these lake geoengineering
materials can convert active phosphorus into a stable form of inert phosphorus, thereby
inhibiting or reducing the release of sediment phosphorus (Wang and Jiang, 2016).

While iron and aluminum salts can effectively control the active phosphorus content in
water bodies and sediments, there are limitations to their use. In the case of iron, it tends
to re-release the bound phosphorus under anaerobic conditions. As for the aluminum
treatment, it can release toxic substances into the water (such as AIP* and Al(OH),") when
the pH is below 6, thus potentially harming aquatic life (Abell et al., 2020; Vargas and Qi,
2019). In comparison, adsorbent compounds based on rare earth elements have two main
disadvantages. First, the crustal abundance of rare earth elements is less than that of other
metals like calcium, iron, and aluminum, leading to higher production costs. Second, the
zero-point charge of rare earth elements is low, thus limiting the pH range of their use,
with a significant decrease in adsorption when the pH exceeds 7 (He et al., 2017).
Calcium compounds and calcium compound-modified clay minerals, on the contrary, are
cost-effective, environmentally friendly, and exhibit high adsorption efficiency for
phosphates, showing a promising application prospect. As early as the 1990s, some North
American and European countries used calcium hydroxide and calcium carbonate to treat
eutrophic lakes, which significantly reduced water phosphorus and chlorophyll content,
and inhibited the release of sediment phosphorus (Dittrich et al., 2011; Prepas et al., 2001)
However, the direct use of calcium compounds also led to drastic changes in water pH
and produced lightweight calcium-phosphorus flocs that were suspended in the water,
causing turbidity. Loading calcium salts on clay might be an effective solution to these
problems. Ma et al. (2017) achieved a maximum phosphorus adsorption capacity of 33.52
mg/g and a removal efficiency of 92.82% using calcium oxide-modified bentonite, but the
complex modification process limited its large-scale field application. Wu et al. (2020)
achieved phosphorus removal efficiency of over 99% by separately mixing calcium
hydroxide with bentonite, red soil, and slag, with the maximum phosphorus adsorption
capacities reaching 18.42, 20.51, and 41.48 mg/g, respectively. Although the phosphorus
removal effect of calcium hydroxide-modified slag was superior to red soil and bentonite,
the unstable source and properties of slag also limited its large-scale application.
Therefore, it is imperative to conduct further investigations into the potential of using
calcium hydroxide-modified red soil and bentonite on a large scale in field applications.
While previous studies have mainly used powder forms of these materials, it is important
to note that the use of powder may result in turbidity when applied to natural water
bodies. To address this issue, we have processed the modified powder into easily
applicable granules and have examined their effectiveness in removing phosphorus as
well as their mechanism of action. Additionally, we have conducted preliminary testing of
their application in natural water, with the aim of providing insights for the large-scale
deployment of calcium-loaded clay particles in real-life settings.

Materials and methods
Experimental materials

The clays used as the loading materials of the phosphorus adsorbents in this study
were red soil and calcium-based bentonite. Red soil is prevalent in tropical, subtropical,
and Mediterranean climate zones, primarily in the southern region of China. This red
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soil is rich in iron and aluminum but lacks substantial organic matter and nutrients
(Noyma et al., 2016; Peng et al., 2019). Calcium-based bentonite is a layered clay
mineral dominated by montmorillonite. It is recognized by its high cation exchange
capacity, large specific surface area, wide availability, environmental friendliness, and
affordability. Combining the advantages of both types of clay, their mixture may serve
as an excellent loading material for phosphorus adsorbents. The red soil used in this
study was sourced from the Red Soil Research Institute in Jiangxi Province, China. The
soil was prepared by removing impurities such as stones and roots, followed by air-
drying and grinding. The soil was then sieved through a 180-mesh screen for further
use. Calcium-based bentonite was prepared similarly and procured from Lingshou
County Yingbo Mineral Product Processing Factory. Analytical grade calcium
hydroxide was obtained from Xilong Scientific Co., Ltd. All experiments were
conducted using deionized water with a resistivity of 18.25 pus/cm (Table 1).

Table 1. Raw material mass ratio of granular adsorbent (%). CRB1-CRB6 represented
granules prepared by mixing 10% calcium hydroxide with various proportions of red soil
and calcium-based bentonite

R B CRB1 | CRB2 | CRB3 | CRB4 | CRB5 | CRB6
Calcium hydroxide (C) 0 0 10 10 10 10 10 10
Red soil (R) 100 0 90 80 60 40 20 0
Calcium-based bentonite (B) 0 100 0 10 30 50 70 90

Experimental methods
Preparation of granular adsorbents

Calcium hydroxide was mixed with red soil and Calcium-based bentonite in a
granulator (SIMT55, SATEC Electro-Mechanical Technology Co., Ltd.) at set
proportions, as shown in Table 1. A suitable amount of pure water was added, and the
granulator was run at an appropriate speed to form granules. After the granulation
process, particles with diameters between 2 and 3 mm were selected and placed in a
constant-temperature air-drying oven to dry for 24 h at 65°C. The resulting granules
were then stored in plastic bottles for later use. The proportion of calcium hydroxide
was set to 10% based on relevant literature (Wu et al., 2020) and preliminary
experimental results. The particles prepared purely from red soil and Calcium-based
bentonite were designated as R and B, respectively, while CRB1-CRB6 represented
granules prepared by mixing 10% calcium hydroxide with various proportions of red
soil and Calcium-based bentonite. For comparison of phosphorus removal effectiveness,
a lanthanum-modified bentonite (Phoslock®, denoted as PL), with a lanthanum element
content of 5%, was procured from Jiangsu Jinxin Environmental Engineering Co., Ltd.,
and examined as a reference.

Structural characterization of granular adsorbents

The morphological characterization of the adsorbents was performed using a
scanning electron microscope (SEM, TESCAN MIRA LMS, the Czech Republic). The
elemental composition was determined using an SEM-EDS (EDS, Ultim Max Oxford,
Instruments United Kingdom). specific surfaces analysis was performed using the
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ASAP 2020M model instrument from Quantachrome and then calculated using the BET
model. pore structure data were obtained using DFT and BJH models.

Phosphorus adsorption at different dosages of granular adsorbents

Phosphorus solution was prepared using KH2PO4 (analytical grade, Xilong Scientific
Co., Ltd.), with a concentration of 5 mg/L. The pH of the solution was adjusted to 7
using 0.1 mol/L HCI and NaOH. Various quantities of each type of adsorbent granule
(0.025 g, 0.05 g, 0.1 g, 0.15 g, and 0.2 g) were added to 200 mL of the phosphorus
solution. Each mixture was agitated at a constant temperature (25°C) for 24 h, after
which the mixture was poured onto a 0.45 pum glass fiber filter membrane for filtration,
followed by measuring the residual phosphorus concentration in the filtrate. Each
experiment was duplicated to ensure the reliability of the results.

Phosphorus adsorption by granular adsorbents at different initial pHs

Phosphorus solution was prepared using KH2POas, with a concentration of 5 mg/L.
The pH of the solution was adjusted sequentially to 3, 5, 7, 9, and 11 using 0.1 mol/L
HCI and NaOH. Next, 0.1 g of the adsorbent was added to 200 mL of the phosphorus
solution with varying pH values. Each mixture was agitated at a constant temperature
(25°C) for 24 h, after which the mixture was poured onto a 0.45 um glass fiber filter
membrane for filtration, followed by measuring the residual phosphorus concentration
in the filtrate. Each experiment was replicated to ensure the reliability of the results.

Adsorption kinetics

Phosphorus solution was prepared using KH2PO4 with a concentration of 5 mg/L.
The pH of the solution was adjusted to 7 using 0.1 mol/L HCI and NaOH. Then, 0.1 g
of the adsorbent was introduced into 200 mL of the phosphorus solution, and the
mixture was agitated at a constant temperature (25°C) for various time periods (i.e., 0,
05,1, 2, 4,8, 16, 24, 32, and 48 h). Following each agitation experiment, the mixture
was poured onto a 0.45 pm glass fiber filter membrane for filtration, followed by
measuring the residual phosphorus concentration in the filtrate. Each experiment was
duplicated to ensure the reliability of the results.

Adsorption isotherms

Phosphorus solution was prepared using KH2PO, and adjusted to various concentrations,
namely, 0.1, 0.5, 1, 3, 5, 7, 10, 15, and 22 mg/L. The pH of each solution was adjusted to 7
using 0.1 mol/L HCI and NaOH. Next, 0.1 g of the adsorbent was introduced into 200 mL
of each phosphorus solution. Each mixture was agitated at a constant temperature (25°C)
for 24 h, after which the mixture was poured onto a 0.45 um glass fiber filter membrane for
filtration, followed by measuring the residual phosphorus concentration in the filtrate. Each
experiment was replicated to ensure the reliability of the results.

Effectiveness of granular adsorbents in inhibiting the release of sediment phosphorus

Sediments were collected from an aquaculture pond and treated with an appropriate
amount of KH2PO4 for phosphorus enrichment. The sediment release experiment was
conducted indoors using six glass cylinders each with a height of 24 cm and a diameter
of 16 cm. Each cylinder was filled with a 6 cm-thick layer of phosphorus-enriched
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sediment and covered with 3 L of eutrophic river water (coordinate: 28°41°28.14"N,
116°1°26.48"E), then left undisturbed for three days. Next, the initial total phosphorus
content in the water was measured to be 8.34 £ 0.16 mg/L. A control group without
granular adsorbent addition was tested, alongside a treatment group in which a granular
adsorbent was added at a concentration of 4 g/L. Each group was tested in triplicates,
involving measurement of the total phosphorus and orthophosphate phosphorus content
in the water at regular time intervals.

Effectiveness of granular adsorbents for phosphorus adsorption in natural waters

The experiment was carried out in the model hall at the Poyang Lake Model
Experimental Research Base in Gonggingcheng City, Jiangxi Province, China. Six glass
tanks were prepared, each 0.6-m long, 0.5-m wide, and 1.0-m high. Each tank was filled
with water from Poyang Lake using a water pump. The water level in each tank was
adjusted to a depth of 0.9 m, resulting in a volume of 270 L per tank. The initial total
phosphorus content in the water was measured to be 0.537 +=0.196 mg/L. A control
group without granular adsorbent addition was tested, alongside a treatment group in
which a granular adsorbent was added at a concentration of 4 g/L. Each group was
tested in triplicates, involving measurement of the total phosphorus and orthophosphate
phosphorus content in the water at regular time intervals.

Analytical methods

The data obtained from the experiments were organized by Excel 2007 software and
plotted by Origin 2021 software. Phosphorus adsorption capacities among treatments
were analyzed by one-way analysis of variance (ANOVA). All data were tested for
normality and homogeneity before performing comparison. Data were logarithmic
transformed to obtain normality and/or homogeneity if they did not meet the basic
assumptions. The level of significance for differences among groups was set at
P <0.05. Phosphate content was determined by ammonium molybdate
spectrophotometry (GB 11893-89). (UV1800PC, obtained from ShangHai jinghua
instrument Company, China.)

The adsorbed phosphorus amount at the adsorption equilibrium (Qe, mg/g) and the
percent phosphorus removal (Pp, %) of the granular adsorbent were calculated using
Equations 1 and 2, respectively:

Q.= @ (Eq.1)
_ (cg—cale100
Py = ——F— (Eq.2)

where Co and Ce are the phosphorus concentration in the solution before and after
adsorption (mg-L™"), respectively, V is the volume of the solution (L), and m is the mass
of the adsorbent (mg).

The Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) adsorption isotherm
models were used for data fitting, expressed as Equations 3, 4, and 5. The average free
energy E, expressed as Equation 6. A fundamental characteristic of the Langmuir
isotherm can be expressed by the dimensionless constant separation factor, R. (also
known as the equilibrium parameter), expressed as Equation 7, respectively:
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— @mELCa

Q:=Trme (Eq.3)

Q.= K:C.H" (Eq4)

Q. = @mexp ( — Kp_ge’) (Eq.5)
E= (2Kp_5)"%® (Eq.6)
R=114k ¢, (Eq.7)

where Qe is the mass of adsorbate adsorbed per unit mass of adsorbent (mg/g), Qm is the
maximum adsorption capacity per unit of the adsorbent for the adsorbate in water
(mg/g), K is the Langmuir adsorption constant (L/mg), K is a constant related to the
adsorption affinity in the Freundlich model, Kp-r is the D-R constant (mol?>-kJ2), R is
the ideal gas constant [8.314 J-(mol-K)].

The adsorption kinetics data were fitted using the pseudo-first-order, pseudo-second-
order, power function, Elovich, and intraparticle diffusion Kkinetic models, with
Equations 8, 9, 10, 11, and 12, respectively:

Q.= Q.(1—e™™%) (Eq.8)

0, = St (Eq.9)

InQ. = In (kQ.) +(=)int (Eq.10)
Q, = %ln (1+ aft) (Eq.11)
Q.= Kipt™ + ¢ (Eq.12)

where t is the reaction time (min), Qt is the adsorbed amount on the adsorbent surface at
time t (mg/g), Qe is the adsorption amount at equilibrium (also known as the adsorption
capacity (mg/g)), ki (1/min) and k> (g/(mg-min)) are the rate constants for pseudo-first-
order and pseudo-second-order Kinetics, respectively, k and m are the reaction rate
constants of the power function kinetic model, a (mg/g-h) and B (g/mg) are the initial
adsorption rate of the adsorbate and the desorption constant in the Elovich kinetic
model, respectively, Kip is the intraparticle diffusion constant, and C (mg-g™!) is the
boundary layer thickness.

Results and discussion
Structural characterization of granular adsorbents

Table 2 presents the main chemical compositions of red soil, Calcium-based
bentonite, and the CRB series of granular adsorbents. The data revealed that the
guantities of aluminum and iron in the red soil (R) surpass those in the Calcium-based
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bentonite (B). There is a degree of variation in the aluminum and iron contents in red
soil from different regions. For instance, Wu et al. (2020) measured the aluminum and
iron contents in red soil (sourced from Changsha County, Hunan Province) as 21.29%
and 2.17%, respectively. Liu (2016) indicated that the range of aluminum and iron
contents in red soil from various parts of Guangdong Province were 4.4%-11.4% and
3.1%-7.7%, respectively. In the present study, the red soil (collected from Jinxian
County, Jiangxi Province) contained 9.99% aluminum and 5.44% iron, while the
aluminum and iron contents in the Calcium-based bentonite were merely 5.85% and
1.35%, respectively.

Both red soil and Calcium-based bentonite exhibited relatively low calcium content.
The incorporation of calcium hydroxide augmented the calcium levels. In aquatic
environments, calcium, iron, and aluminum can precipitate as phosphates, hence their
varying levels could potentially affect the phosphorus adsorption capacity of the
adsorbents. In the present study, CRB1, CRB2, and CRB3 (with a higher proportion of
red soil) contained more aluminum and iron than CRB4, CRB5, and CRB6 (with a
higher proportion of Calcium-based bentonite). As each of these materials incorporated
10% of calcium hydroxide, the variance in calcium content was negligible, with an
average content of 5.97 + 0.47%. Table 2 presents the specific surface area properties of
red soil, Calcium-based bentonite, and the CRB series of granular adsorbents. CRB1,
CRB2, and CRB3 (with a higher proportion of red soil) contained more specific surface
and Micropore volume than CRB4, CRB5, and CRB6 (with a higher proportion of
Calcium-based bentonite).

Table 2. Main chemical compositions and specific surface area properties of the adsorption
materials

Na ‘ K ‘ Mg‘ Si ‘ Al ‘ Fe ‘ Ca Specific surface Micropore volume

(%) (m?/g) (cm®/g)

R 0.33]1.66|0.54 | 21.71 |9.99 |5.44 | 0.12 40.67 0.08
B 0.420.13|1.22| 29.46 |5.85|1.35|1.15 60.57 0.13
CRB1 |0.08|1.45|0.71| 15.21 [ 8.38 | 4.27 | 5.28 29.3 0.11
CRB2 [ 0.11|1.01|0.72| 17.39 | 7.69|3.83 | 5.88 25.65 0.09
CRB3 |0.22|1.01|1.00| 19.97 | 7.74|3.52 | 6.30 27.55 0.1
CRB4 [ 0.10|0.51|1.07| 20.64 |6.41|2.66 | 5.61 22.23 0.09
CRB5 | 0.24|0.35|1.16 | 22.46 | 5.55|2.10 | 6.55 21.18 0.1
CRB6 |0.30|0.42|1.21|22.04 {5.38|1.96 | 6.18 17.88 0.01

An SEM analysis of the adsorbent materials was conducted, revealing the surface
morphological characteristics of red soil, Calcium-based bentonite, and CRB2, as
shown in Figure 1. The red soil particles (Fig. 1a) exhibited a uniformly blocky
structure, while the Calcium-based bentonite particles (Fig. 1b) exhibited an extensive,
single-layered blocky structure. After calcium hydroxide loading, numerous loose,
irregular flocculent structures formed on the surface of CRB1, CRB2, and CRB3 (with
60-90% red soil, Fig. 1lc—e), potentially augmenting the specific surface area.
Meanwhile, the surface materials were evenly distributed and did not exhibit detectable
aggregations, which would expose more active sites, thus enhancing the adsorption
capacity (Qian et al., 2018). In contrast to CRB1, CRB2, and CRB3, the samples with
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50-90% bentonite ratios, i.e., CRB4, CRB5, and CRB6 formed irregular platy and
blocky structures (Fig. 1f-h), possibly due to the incorporation of a high proportion of
larger-surface-area Calcium-based bentonite.

E RN & v

Figure 1. SEM images of (a) red soil, (b) Calcium-based bentonite, (¢c) CRB1 particles, (d)
CRB2 particles, (e) CRB3 particles, (f) CRB4 particles, (g) CRB5 particles, and (h) CRB6
particles
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Phosphorus adsorption at different dosages of granular adsorbents

Figure 2 presents phosphorus adsorption capacities at various dosages of granular
adsorbents. The phosphorus adsorption capacities exhibited an initial increase followed
by a decline as the adsorbent dosage increased. The clay modified with calcium
hydroxide demonstrated a substantial enhancement in phosphorus removal compared to
red soil and bentonite. At different dosages of adsorbents, CRB1 consistently
manifested higher phosphorus adsorption capacities than CRB6 (P < 0.05), indicating
that the granular adsorbents made from a mixture of calcium hydroxide and red soil
outperformed those made from a mixture of calcium hydroxide and bentonite in terms
of phosphorus removal performance. Furthermore, our study revealed that when
granular adsorbents were made from a mixture of calcium hydroxide, red soil, and
bentonite, those comprising 60-90% red soil (i.e., CRB1, CRB2, CRB3) exhibited
superior phosphorus removal performance compared to those having 0-40% red soil
(i.e., CRB4, CRB5, CRB6) (P < 0.05). This is potentially attributable to the higher
aluminum and iron contents in red soil compared to bentonite. Among all adsorbents,
including PL, CRB2 demonstrated the best phosphorus removal performance at dosages
of 0.25-0.5 g/L. At a dosage of 0.25 g/L, CRB2 displayed the maximum phosphorus
adsorption capacity of 12.239 mg/g. Increasing the dosage to 0.50 g/L yielded an
adsorption capacity of 9.605 mg/g and a percent phosphorus removal of 95.15%.

14
—a— CRBI
—8— CRB2
2r —&—CRB3
—v— CRB4
10 F CRB5
CRB6
~ 8k PL
= . —eRr
£ of s
o oy
4 -
2 -
ok {—#—i—#=‘
1

1 1 1 1
0.125 0.25 0.5 0.75 1
dosage(g/L)

Figure 2. Phosphorus adsorption capacity of granular adsorbents at different dosages. Error
bar represent standard deviation

Phosphorus adsorption by granular adsorbents at different initial pHs

Figure 3 illustrates the phosphorus adsorption capacities of granular adsorbents at
various initial pH values. When the pH was 3, the phosphorus adsorption capacities of
CRB1-6 were all less than 2.2 mg/g, and the removal rate was less than 20%,
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demonstrating significantly weaker phosphorus removal performance compared to PL
(P <0.05). When the pH was within the range of 5-7, CRB1, CRB2, and CRB3
exhibited higher phosphorus adsorption capacities than PL, CRB4, CRB5, and CRBS6,
(P < 0.05). with CRB2 achieving an adsorbed phosphorus amount up to 9.6 mg/g and a
removal rate up to 95.2%. When the solution pH was in the range of 9-11, the adsorbed
phosphorus amount of PL dropped sharply, while the phosphorus adsorption capacities
of CRB1-6 were all higher than that of PL (P < 0.05); meanwhile, CRB1, CRB2, and
CRB3 outperformed CRB4, CRB5, and CRB6 (P <0.05) in terms of phosphorus
adsorption capacities.

10 | ,..-_____._-'"‘ﬁ
; I 71
8 F ' - T
_..‘_H\ |
e
—_— \.
= 6F !
£
o —a— CRBI J,
4r —e— CRB2
—4— CRB3
—y— CRB4
2F CRB5
* CRB6
PL
0 [ [ [ [ [
3 5 7 9 11
Initial pH

Figure 3. Phosphorus adsorption capacity of granular adsorbents at different initial pH values.
Error bar represent standard deviation

Adsorption Kinetics

Taking CRB2 as an example, the phosphorus adsorption kinetic data of CRB2 were
fitted using the pseudo-first-order, pseudo-second-order, Elovich, power function, and
intraparticle diffusion kinetic models, with the results shown in Figure 4 and Table 3.
As indicated by the R? values, the phosphorus adsorption kinetic data for CRB2 were
well-described by the pseudo-second-order (R?=0.970), pseudo-first-order
(R2=0.969), and Elovich (R?=0.930) kinetic models, with the fitting performance
being significantly superior to that of the power function kinetic model (R? = 0.809). A
maximum adsorption capacity of 11.27 mg/g was obtained from the pseudo-second-
order kinetic model, which was close to the experimentally determined maximum
adsorption capacity of 10.20 mg/g, indicating that the adsorption process of CRB2 for
phosphorus was a chemical process. The Elovich kinetic model suggested that CRB2
had a highly heterogeneous surface with different energy sites.
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Figure 4. Fitting curves of the phosphorus adsorption on CRB2 using (a) the adsorption kinetic
model and (b) the intra-particle diffusion model

Table 3. Kinetic parameters for phosphorus adsorption on CRB2

Pseudo first-order Pseudo second-order
Qm (mg-g™") Ki (h™) R? Qm (mg-g™) Ka (h™) R?
9.78 0.22 0.969 11.27 0.02 0.97
Elovich Power
a b R? K*Q. m R?
6.47 0.43 0.93 3.304 3.065 0.809

Adsorption isotherms

Taking CRB2 as an example, its phosphorus adsorption isotherm data were fitted
using the Langmuir, Freundlich, and D-R adsorption isotherm models, with the results
presented in Figure 5 and Table 4. As indicated by the R? values, the isotherm
adsorption data of phosphorus on CRB2 could be adequately described by the Langmuir
(R2=0.875) and D-R (R*=0.925) isotherm models, demonstrating a noticeably
superior fitting performance than the Freundlich model (R?=0.617). Based on the
Langmuir adsorption isotherm model, phosphorus adsorption on CRB2 could be
classified as monolayer adsorption. The maximum adsorption capacity of phosphate on
CRB2, as per the Langmuir isotherm model, was found to be 17.21 mg/g, which was in
close agreement with the maximum experimental value of 16.75 mg/g. This validates
the reliability of using the Langmuir isotherm model to predict the maximum adsorption
capacity of CRB2. In addition, the calculated R, values for CRB2 were all within the
range of 0-1, with the lower R_ values being evident at higher phosphorus
concentrations, indicating that adsorption was more favorable at higher concentrations
(Crini et al., 2007). According to the D-R adsorption isotherm model, the E value of
CRB2 was calculated to be 15.02 kJ-mol™!, which was higher than 8 kJ-mol™!, implying
that the adsorption process of phosphorus in water by CRB2 was a chemisorption
process (D’Arcy et al., 2011), in line with the aforementioned result derived from the
pseudo-second-order kinetic model.
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Figure 5. (a) Phosphorous adsorption isotherm and (b) separation factor of Langmuir fitting
for CRB2

Table 4. Isothermal adsorption model parameters of CRB2 for phosphorus

Langmuir Freundlich D-R
Qm KL R2 Kr n R2 QbR Kb-r E R?
(mg-g”) | (L'mg™) (mg-g™) (mmol-g™") | (mol*kJ™?) | (kJ-mol™)
17.21 2.75 0.875 9.44 | 4.07|0.622 16.41 0.34 15.02 0.925

Table 5 provides an overview of the phosphorus adsorption capacities and optimal
pH ranges for various clay-based adsorbents as reported in the literature. The data
indicates that while CRB2 has a lower adsorption capacity compared to ACLA, but the
latter uses rare earth elements and comes with a higher cost. Generally, conventional
iron, aluminum, and rare-earth-modified clay adsorbents reach their maximum
phosphorus adsorption levels under acidic and neutral conditions. However, the pH
range of urban wastewater typically falls between 6.5-7.3, while eutrophic lakes have a
pH of 8-9 (Zamparas and Gianni, 2012). In some water bodies with intense
photosynthesis, such as those experiencing harmful algal blooms or excessive growth of
submerged plants, the pH can even reach 10. The granular adsorbents developed in this
study exhibited significant adsorption capacities under both acidic and alkaline
conditions (pH 5-11), making them versatile for a wide range of applications. When
used in lakes heavily affected by acid rain, these adsorbents may help neutralize the
acidity of the water, thereby preventing damage caused by acid rain. Similarly, in
alkaline lake water bodies, these adsorbents may demonstrate substantial adsorption
capacities.

Phosphorus removal and control in natural waters

Using CRB2 as an example, the inhibitory effect of CRB2 on phosphorus release
from phosphorus-rich sediments is depicted in Figure 6a. Three days after the addition
of CRB2, the total phosphorus in the water body sharply dropped from
8.34 + 0.16 mg/L to 0.39 + 0.01 mg/L, a decrease of 95.3%. In comparison, the control
group depicted an increase of the total phosphorous content by 18.7%, due to the
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continuous release of phosphorus from the sediment. After the third day, the total
phosphorus in the water bodies of the control group and the CRB2-addition group rose
with time. After 28 days, the total phosphorus in the control group increased by 118.3%
compared to the initial value, while that in the CRB2-addition group decreased by
67.1% relative to the initial value.

The adsorption performance of CRB2 for phosphorus in natural water bodies is
displayed in Figure 6b. Although the total phosphorus amounts in the water bodies of
both the control group and the CRB2-addition group decreased with time, the removal
efficiency (77.5%) and the rate of removal (0.036 mg g ! d!) in the CRB2-addition

group exceeded those in the control group (26.9% and 0.012 mg g~' d!, respectively).

Table 5. Comparison of phosphorous adsorption capacity of clay-based adsorbents

Absorbent Raw materials Qm /_1 pH Reference
(mg-g™") | range
Lanthanum chloride and Haghseresht et al.
Phoslock® bentonite 10.5 5-7 (2009)
Iron-modified bentonite Iron, aluminum, and 11.2 6.7 Zamparas et al.
(Zenith/Fe) bentonite ' (2012)
Aluminum-modified zeolite . . Zamparas and
(22G1) Aluminum and zeolite 12.7 5-7 Zacharias (2014)
Aluminum-modified acid- . .
activated bentonite (AI-ABn) Aluminum and bentonite 12.9 4-7 | Pawar etal. (2016)
Attapulgite clay/lanthanum and | Lanthanum, aluminum, and i .
aluminum (ACLA) composite attapulgite clay 346 Yin etal. (2020)
Calcium-loaded red soil Calcium hydroxide, red soil, .
particles (CRB2) and Calcium-based bentonite 172 5-11 This study
1@ ~~CK —-CRB2 08 (b) ~CK —oCRB2
2’0 B . Uﬁ L
% 15 } g =
5 E04 |
= 10 f %
<%
= = ]L 1 ]
s b 02 | 3 )
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Figure 6. Inhibition of CRB2 on (a) the release of phosphorous from sediment and (b) the
adsorption of phosphorous from natural water. Error bar represent standard deviation

Conclusions

We prepared granular adsorbents by uniformly mixing calcium hydroxide with

different proportions of red soil and Calcium-based bentonite, and then investigated
their phosphorus adsorption performance and mechanisms. The following conclusions
were drawn:
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(1) When prepared by mixing calcium hydroxide, red soil, and bentonite, the
resulting granular adsorbents CRB1, CRB2, and CRB3 (60-90% red soil) contained
higher contents of aluminum and iron compared to CRB4, CRB5, and CRB6 (0—40%
red soil). Furthermore, the former three adsorbents exhibited more loose and irregular
flocculent structures on their surfaces compared to the latter three, which exposed more
active sites and improved the adsorption performance.

(2) The granular adsorbents prepared by mixing calcium hydroxide and red soil
demonstrated superior phosphorus removal performance compared to those prepared by
mixing calcium hydroxide and bentonite. Moreover, the granular adsorbents prepared
by mixing calcium hydroxide, red soil, and bentonite revealed improved phosphorous
removal performance for the adsorbents with red soil portions of 60-90% (i.e., CRB1,
CRB2, and CRB3) compared to those with red soil proportions of 0-40% (i.e., CRB4,
CRB5, and CRB6). Among them, the granular adsorbent CRB2—prepared by mixing
calcium hydroxide, red soil, and bentonite at a mass ratio of 1:8:1—demonstrated the
best phosphorus removal performance.

(3) When exposed to 5 mg/L phosphorus solution at initial pH of 7, CRB2 at a dosage
of 0.25 g/L reached its maximum phosphorus adsorption capacity of 12.239 mg/g. Upon
increasing the adsorbent dosage to 0.50 g/L, the phosphorus adsorption capacity was
9.605 mg/g, with a phosphorus removal efficiency of 95.15%. The adsorbents CRB1,
CRB2, and CRB3 all showed high phosphorus adsorption capacities at pH 5 to 11.

(4) The phosphorus adsorption kinetics of CRB2 conformed to the pseudo-second-
order kinetic model and the Elovich kinetic model, indicating that the adsorption process
of phosphorus on CRB2 was a combination of surface chemisorption and diffusion, and
that CRB2 had a highly heterogeneous surface. The phosphorus adsorption isotherm of
CRB2 conformed to the Langmuir and D-R models, implying that CRB2’s phosphorus
adsorption was monolayer chemisorption. The maximum adsorption capacity for CRB2
calculated from the Langmuir adsorption isotherm model was 17.21 mg/g.

(5) CRB2 could inhibit phosphorus release from phosphorus-rich sediments and
reduce phosphorus content in the water body by adsorption. Three days after the
addition of CRB2, the total phosphorus in the water body decreased by 95.3%. After
28 days, the total phosphorus in the control group increased by 118.3% compared to the
initial value, while that in the CRB2-addition group decreased by 67.1% relative to the
initial value. Although the total phosphorus in the water bodies of both the control
group and the CRB2-addition group decreased with time, the percent removal (77.5%)
and the rate of removal (0.036 mg g~' d™!) in the CRB2-addition group exceeded those
in the control group (26.9% and 0.012 mg g ' d!, respectively).

(6) Overall, the calcium-loaded, granular clay adsorbents prepared in this study had
the advantages of raw material accessibility, affordability, and simplicity of preparation.
Moreover, they exhibited high phosphorus adsorption capacities and a wide pH
application range, showing potential for large-scale application in natural water bodies.
Further large-scale field trials are needed to evaluate their ecological safety.
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