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Abstract
Sediment, composed of a complex assemblage of minerals, controls the fate and behaviour of P in aqueous environments and
affects trophic status. In this study, P adsorption was studied on minerals including quartz, hematite, potassium feldspar,
montmorillonite, kaolin, and calcite (i.e., the main components of sediment) and sediment from the Guanting Reservoir. A
general formula for P adsorption was proposed that considers mineral composition through the component additivity method,
also incorporating the effects of environmental factors, including the aqueous P concentration (Ce), pH, sediment concentration
(S), and ionic strength (IS). The P adsorption capacity gradually decreased with increasing particle size, and the contributions
from kaolin and montmorillonite to P adsorption were significant despite representing only a small fraction of sediment (with a
maximum amount of P adsorption of 0.92 and 0.36 mg/g, respectively). The content of quartz accounted for approximately 40–
60% of sediment; however, its P adsorption capacity was only 0.13 mg/g. These minerals exhibited different adsorption
characteristics due to their different surface morphologies and lattice structures. Multivariable regression analysis was used to
show that the amount of P adsorption was strongly correlated with Ce, followed by S, IS, and pH.
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Introduction

Water pollution in many rivers and reservoirs has attracted
serious attention due to an excess supply of nutrients and other

contaminants (Xu et al. 2010). Phosphorus (P) is a key nutri-
ent for phytoplankton growth and production but is also the
major controlling factor for eutrophication (Huang et al.
2015a). Sediment has a strong affinity for soluble active P
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• The adsorption properties of minerals are affected by surface
morphology and lattice structures.
• Clay minerals greatly contribute to the P adsorption by sediment despite
the low contents.

• The amount of P adsorption is strongly correlated with aqueous P
concentration.

• A general formula of P adsorption is proposed considering mineral
composition and environmental factors.
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due to its high specific surface area and adsorption (Chen and
Fang 2013; Huang et al. 2015b; Lopez et al. 1996; Zhao et al.
2015), and P adsorption by sediment is an important process
for regulating the mobilization and dynamics of P (An and Li
2009; Zhou et al. 2005). For example, adsorbed P may accu-
mulate on the bed surface with sediment deposition, and ac-
cumulated P may be released back into the overlying water
when physiochemical factors shift or due to changes in hydro-
dynamic conditions (e.g., sediment erosion) (Jarvie et al.
2005; Jin et al. 2005; Zhang et al. 2007). Therefore, it is
essential to understand P adsorption by sediment to under-
stand and manage water quality.

Adsorption is the accumulation of substances at the inter-
faces, e.g., solid/liquid interfaces, which is an extremely com-
plex phenomenon and is affected by both intrinsic and extrin-
sic factors (Sundareshwar and Morris 1999). Intrinsic factors
mainly refer to the characteristics of the sediment itself, such
as particle size (Meng et al. 2014; Selig 2003; Stone and
Mudroch 1989), surface micromorphology (Fang et al.
2013), mineral composition (Wang et al. 2009), and organic
matter content (Liu and Lee 2007). Extrinsic factors mainly
refer to a variety of environmental factors, such as the aqueous
P concentration (Ce), pH (Huang et al. 2016; Palleyi et al.
2015), sediment concentration (S) (Huang et al. 2017), ionic
strength (IS) (Aldegs et al. 2008; Kafkafi et al. 1988), and
temperature (Huang et al. 2011). Over the past several de-
cades, scientists have investigated various extrinsic and intrin-
sic factors in regard to P adsorption, and our understanding of
P adsorption has improved.

Sediment is a complex assemblage of various minerals,
such as quartz, feldspar, oxides, and clay minerals, and the
mineral composition largely depends on the climatic environ-
ment (Dickens et al. 2006; Wakeham et al. 2009). Yang et al.
(2002) studied the fine sediment in the Yangtze River Estuary
and Yellow River Estuary and found that the sediment
consisted of approximately 40% quartz, 30% feldspar, and
5% calcite, with the remaining material primarily containing
clay minerals such as kaolin, montmorillonite, and illite. Tang
et al. (2000) summarized the relative composition of clay
minerals in sediment from major rivers of China, as listed in
Table A1. The mineral composition significantly affects P
adsorption due to the different surface morphologies and
lattice structures. For example, Wang et al. (2005) studied P
adsorption on sediment from the Yangtze River and observed
that the maximum P adsorption amount (i.e., the P adsorption
capacity) increased in proportion to aluminium (Al), iron (Fe),
and calcium (Ca). Similar results were also found by other
researchers (Furumai et al. 1989; Tang et al. 2014).
Moreover, Cui et al. (2017) and Fang et al. (2017) found that
surface heterogeneity due to mineral composition plays an
important role in P adsorption by sediment. Nevertheless,
there exists no method to quantitatively predict P adsorption
by sediment that is composed of various minerals.

A number of adsorption isotherms have been widely ap-
plied to quantitatively describe adsorption at the equilibrium
state (Mortula et al. 2007; Ushiki et al. 2014; Wang et al.
2017). For example, the Langmuir adsorption isotherm was
developed to describe uniform monolayer adsorption
(Langmuir 1916, 1917, 1918), and the Freundlich isotherm
has been applied to multilayer heterogeneous adsorption
(Foo and Hameed 2010; Malek and Farooq 1996). These em-
pirical isotherms, however, do not indicate how mineral com-
position affects adsorption. In this study, the effects of mineral
composition on P adsorption are quantified based on adsorp-
tion experiments, while simultaneously considering environ-
mental factors (including Ce, pH, S, and IS), and then, a gen-
eral formula of P adsorption by sediment is proposed, which
can aid in the understanding of the fate and transport of P in
aqueous systems.

Materials and methods

Materials and analytical methods

Both pure mineral and sediment samples were used for the P
adsorption experiments. The pure minerals samples were pur-
chased from the National Center of Reference Material
(NCRM) of China, including quartz, hematite, potassium feld-
spar, montmorillonite, kaolin, and calcite, which are the main
components of sediment. Sediment was collected from the
Guanting Reservoir, China, using a core sampling device
and stored in precleared polyethylene bags at 4 °C. Guanting
Reservoir was once one of the main water sources in Beijing
but was withdrawn from the urban drinking-water system in
1997 because of poor water quality (He et al. 2011). To accu-
rately and quantitatively describe the influence of sediment
mineral composition on P adsorption, sediment samples were
repeatedly washed with hydrogen peroxide, concentrated hy-
drochloric acid, and deionized water to minimize the interfer-
ence from surface pollutants (e.g., humic acid, organic matter,
and ions): (1) mix sediment samples and deionized water in a
conical flask and then add hydrogen peroxide; wash repeated-
ly with deionized water when the reaction is sufficient (no
more bubbles and heat release) and then pour out the super-
natant; and (2) add concentrated hydrochloric acid and deion-
ized water into the conical flask and stir thoroughly and then
wash with deionized water until the filtrate was neutral. More
details can be found in Fang et al. (2008, 2014). Hei et al.
(2017) suggested that this cleaning method can remove most
surface pollutants, and the main composition and structure of
sediment do not change greatly. Finally, the cleaned sediment
samples were dried in an oven at 105 °C for 24 h.

The grain size of the mineral and sediment samples was
measured using a laser scattering particle size distribution
analyser (HORIBA LA-920, Japan). The specific surface area
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(SSA) was determined by nitrogen (N2) adsorption/desorption
isotherms using the Brunauer-Emmett-Teller (BET) method
(ASAP2020 M, Micromeritics, USA). Scanning electron mi-
croscopy (SEM, JEOLJSM-6310F) was employed to analyse
the surface morphology and microstructure, which was con-
ducted at the School of Materials Science and Engineering,
Tsinghua University, and an average morphology descriptor
F2a (supplementary information) was then derived that can be
used to predict adsorption onto pureminerals (Cui et al. 2017).
The surface-active site densities (Ns) of minerals were estimat-
ed with crystallographic characterization from the literature
(Venema et al. 1998; White and Zelazny 1988; Wieland and
Stumm 1992) and then refined by optimization to fit the ad-
sorption data with MINTEQA2 software, following the
methods provided by Hayes et al. (1991). X-ray diffraction
analysis (Dmax-RB 12 kW, Rigaku, Japan) was performed to
obtain the mineral composition of the sediment.

Adsorption experiment

For each mineral sample, 0.5 g samples were added to 30 mL
of P solution (anhydrous KH2PO4) with initial P concentra-
tions of 0.0, 0.8, 1.0, 2.0, 3.0, 5.0, 8.0, 10.0, 15.0, and 20 mg/
L. Batch experiments were performed in an incubator shaker
continuously shaking at 20 ± 2 °C with an oscillation rate of
190 rpm for 24 h. Preliminary kinetic experiments have shown
that equilibrium adsorption can be achieved within 24 h. After
adsorption, the tubes were centrifuged, and the supernatant
solutions were extracted and filtered through a 0.45 μm cel-
lulose ester filter membrane for the measurement of P concen-
tration using the ammonium molybdate spectrophotometric
method (Ministry of Environment Protection of China
(MEP) 2001). Then, the adsorbed P was calculated from the
difference between the concentrations before and after adsorp-
tion. All adsorption experiments were performed in duplicate.

For the cleaned sediment samples from Guanting
Reservoir, 0.15, 0.30, and 0.45 g samples were added to
30 mL of P solution (anhydrous KH2PO4) with initial P con-
centrations of 1, 2, 3, 4, 5, 8, and 10 mg/L. The samples were
then processed in the same manner as the pure mineral sam-
ples. P adsorption results from sediment from natural rivers,
lakes, and reservoirs were also collected from the literature for
analysis and comparison.

Formula derivation

Similar to the Langmuir adsorption isotherm, the amount of P
adsorption byminerals and sediment at equilibrium, qe, can be
expressed as a product of the maximum adsorption amount
(adsorption capacity), Qmax, and the function of environmen-
tal factors, F, i.e.,

qe ¼ Qmax⋅F Environmental factorsð Þ ð1Þ

The maximum adsorption amount, Qmax, is mainly deter-
mined by intrinsic particle factors, particularly particle specif-
ic surface area (SSA), and mineral composition. The finer the
particle size is, the larger the SSA and the greater the adsorp-
tion capacity (Wang et al. 2006). Moreover, the surface struc-
tures of various minerals are different, providing different sur-
face morphologies and active site densities, thus exerting dif-
ferent effects on adsorption (Gao et al. 2014; Prarat et al.
2011). Fang et al. (2017) introduced a comprehensive factor,
I, to represent the basic properties of mineral particles, i.e.

I D50;Ns; F2að Þ ¼ Ns

ρ
2

D50

� �1:85F2aþ0:60

ð2Þ

where D50 is the median particle size, Ns is the surface-active
site density determined from crystallographic characteriza-
tion, F2a is an average morphology descriptor calculated from
the SEM images that indicates the degree of heterogeneity or
roughness of particle surfaces (Fang et al. 2017), the detailed
formula for F2a is in the supplementary information, and ρ is
the particle density. I reflects the concentration of surface-
active sites, and the maximum adsorption amount is assumed
to be linearly related to I, i.e.,

Qmax ¼ f Ið Þ ¼ a⋅I þ b ð3Þ
where a and b are unknown parameters to be determined.
First, puremineral particles were observed using SEM to char-
acterize the local micromorphology and to derive the average
morphology descriptorF2a. Then, the comprehensive factor, I,
was calculated incorporating the values of the particle size,
D50, and surface-active site density, Ns (see Eq. (2)).
Subsequently, a relation between Qmax and I can be
established based on the results of the adsorption experiment,
i.e., Eq. (3).

Moreover, sediment is an assemblage of various minerals;
thus, the maximum adsorption amount of sediment, Qs

max,
might be further calculated using the component additivity
method from pure minerals (Davis et al. 1998), i.e.,

Qs
max ¼ ∑ pi⋅Q

i
max

� � ð4Þ

where pi and Qi
max represent the mass percentage and

maximum adsorption amount of the i th mineral ,
respectively. For example, Schaller et al. (2008) studied the
adsorption of copper ions (Cu2+) on pure ferric oxide, pure
kaolin, and their mixtures and found that component additivity
was in good agreement with the predicted Cu2+ adsorption.

In addition, the effects of extrinsic factors can be regarded
as individual functions of the environmental factors. Here, the
major factors include the aqueous P concentration, Ce, pH,
ionic strength, IS, and sediment concentration, S, i.e.,

F Environmental factorsð Þ ¼ f Ceð Þ⋅ f pHð Þ⋅ f ISð Þ⋅ f Sð Þ ð5Þ
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The amount of P adsorption by sediment is affected by
these factors simultaneously (Ku et al. 1978); therefore, both
individual factor and multivariable regression analyses were
conducted, and expressions for f(Ce), f(pH), f(IS), and f(S)
were mainly derived from data in the literature.

Finally, the amount of P adsorption by sediment at equilib-
rium can be expressed as

qe ¼ Qs
max⋅ f Ceð Þ⋅ f pHð Þ⋅ f ISð Þ⋅ f Sð Þ

¼ ∑ pi⋅Q
i
max

� �
⋅ f Ceð Þ⋅ f pHð Þ⋅ f ISð Þ⋅ f Sð Þ ð6Þ

Results and discussion

Physiochemical properties of sediment and pure
minerals

The physical and chemical properties of these pure minerals
are listed in Table 1. The median particle size D50 of the pure
minerals is in the range of 7.65–15.12 μm, with an average
value of 11.08 μm. Figure 1(a–f) shows the SEM images of
quartz, hematite, potassium feldspar, montmorillonite, kaolin,
and calcite, indicating extremely complex surface morpholo-
gy that significantly affects P adsorption. The surface mor-
phology of montmorillonite and kaolin (i.e., clay minerals)
is more complex, leading to a greater SSA, i.e., 14.07 and
35.74 m2/g, respectively, while the SSAs of the other minerals
are only 1.64–4.11m2/g. According to their three-dimensional
(3D) surface morphology, an average morphology descriptor,
F2a, was derived through Taylor expansion, which can reflect
the degree of surface heterogeneity of particles. Accordingly,
montmorillonite and kaolin exhibit greater F2a values of 0.168
and 0.184, respectively, followed by hematite, potassium feld-
spar, quartz, and calcite. Here, a total of 100 particles were
analysed for each mineral, with additional sediment particles
exerting only little effect on the results. Moreover, hematite
has a relatively large Ns of 5.35 site/nm2 and a large particle
density of 5.10 g/cm3.

Moreover, D50 of the cleaned sediment samples is approx-
imately 9.77 μm with SSA of 26.7 m2/g. X-ray diffraction
analysis shows that the cleaned sediment is composed of

40% quartz, 20% feldspar, and 10% calcite, and the remaining
sediment is composed of clay minerals and a small amount of
amphibole. The SEM images of natural sediment (i.e., before
sediment cleaning) and cleaned sediment are shown in Fig.
1g, h, respectively. It is evident that the surface morphology of
natural sediment is more complex, and the particle surface is
basically wrapped by a layer of film, flocculent or clastic
material, forming many dense pore structures. Most of the
adherents on the particle surface have been washed away in
the cleaned sediment, as shown in Fig. 1h, and the shape of the
original sediment particles is present. Although the morpho-
logical characteristics of the cleaned sediment are very differ-
ent from those of the natural sediment, the main composition
and structure of the sediment do not change greatly after re-
peated washing. There are a few fine particles attached to the
cleaned sediment surface, which may be organic matter that
has not been removed or fine particles reattached during dry-
ing and storage.

P adsorption by pure minerals

To elucidate the effects of mineral composition on P adsorp-
tion by sediment, it is necessary to first study the characteris-
tics of P adsorption by pure minerals. The measured maxi-
mum P adsorption amounts of these minerals under the exper-
imental conditions described in “Adsorption experiment” are
also listed in Table 1, with the average value ranging from
0.11 to 0.92 mg/g. The P adsorption amount by different min-
erals varies greatly, mainly due to the different surface mor-
phologies and lattice structures. Most of the clay minerals
(e.g., montmorillonite and kaolin) are composed of layers of
silicon-oxygen tetrahedra and aluminium-oxygen octahedra,
generally leading to large SSA, strong ion-exchange capaci-
ties, and significant P adsorption (Uddin 2017). Thus, al-
though quartz, hematite, montmorillonite, and kaolin have
similar particle sizes (approximately 10 μm), their adsorption
amounts are quite different, i.e., 0.13, 0.11, 0.36, and 0.92mg/
g, respectively.

Based on the basic characteristics of eachmineral (i.e.,D50,
F2a, Ns, and ρ in Table 1), the comprehensive factor, I, can be

Table 1 Physicochemical properties of minerals and the measured maximum adsorption amount

Minerals D50 (μm) Specific surface
area SSA (m2/g)

F2a Surface active
site density Ns (site/nm

2)
Particle density
ρ (g/cm3)

Qmax (mg/g)

Quartz 11.37 1.64 0.114 4.80 2.65 0.13

Hematite 11.40 2.86 0.142 5.35 5.10 0.11

Potassium feldspar 7.65 4.11 0.131 4.25 2.65 0.26

Montmorillonite 9.91 14.07 0.168 2.06 2.60 0.36

Kaolin 11.01 35.74 0.184 3.63 2.57 0.92

Calcite 15.12 3.91 0.106 5.00 2.70 0.31
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calculated according to Eq. (2). Then, the relation between
Qmax and I for minerals is established incorporating the mea-
sured maximum adsorption amount, as shown in Fig. 2, with
the different minerals represented by different symbols.

Moreover, the experimental data of Fang et al. (2017)
are also shown using solid dots. The dotted line repre-
sents the best fitting line (R2 = 0.78), and the fitting
parameters are a = 5.02 and b = 0.02, i.e.,

Fig. 1 SEM images of pure minerals and sediment. a Quartz. b Hematite. c Potassium feldspar. d Montmorillonite. e Kaolin. f Calcite. g Natural
sediment. h Cleaned sediment

Fig. 2 Relationship between the
adsorption capacity Qmax and
comprehensive factor I
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Qmax ¼ f Ið Þ ¼ 5:02I þ 0:02 ð7Þ

In addition, particle size also has a significant effect on P
adsorption (Shi et al. 2018), as finer particles generally have a
greater SSA and more potential surface-active sites, leading to
a larger adsorption capacity. For example, calcite with a me-
dian size of 36.89 μm was also used in the P adsorption ex-
periment, and the observed maximum adsorption amount was
only 0.12 mg/g (the result is not listed in Table 1), which is
much smaller than the value of 0.31 mg/g for calcite with a
size of 15.12 μm. The variations in P adsorption capacity with
particle size for pure minerals are shown by dotted lines in
Fig. 3, as calculated from Eqs. (2) and (7). Apparently, the
maximum P adsorption amount decreases with increasing par-
ticle size, and kaolin exhibits the greatest Qmax among these
minerals at the same particle size.

P adsorption by sediment

The red line in Fig. 3 shows the variation of the maximum P
adsorption amount with particle size for sediment, which is
derived from the pure minerals using the component additivity
method, i.e., Eq. (4). Thus, given the particle size and mineral
composition, the P adsorption capacity of sediment can be
directly obtained. Here, the mineral composition of sediment
from Guanting Reservoir was simply adopted, i.e., 40%
quartz, 20% feldspar, and 10% calcite, with the remaining
minerals consisting of clay minerals and amphibole (Huang
et al. 2015a; Zhao et al. 2011). As shown in Fig. 3, the P
adsorption by sediment exhibits the same trend with increas-
ing particle size as that of minerals, and the calculated P ad-
sorption capacity of sediment is within the range of that of
pure minerals. It is worth noting that although the contents of
clay minerals (kaolin and montmorillonite) are small in sedi-
ment, their P adsorption capacities are much larger than those

of other minerals at similar particle sizes, which may greatly
contribute to the P adsorption by sediment (Li et al. 2019).

The experimental results of P adsorption by cleaned sedi-
ment from this study and natural sediment from the literature
are also shown in Fig. 3 using different symbols, and more
information on these data is provided in Table A2. Here, the
results with similar experimental conditions as those in this
study, such as a pH of 6–8 and a sediment concentration of 1–
2 g/L, are chosen (except Wang et al. 2009). Overall, the
experimental results are close to the calculated values for sed-
iment (i.e., the red line in Fig. 3), especially for the relatively
coarse sediment, indicating that Eq. (4) can reasonably predict
the maximum P adsorption amount of sediment. The differ-
ences between the calculated and measured P adsorption ca-
pacities may be primarily due to the lack of mineral composi-
tional data, which are not provided in the literature; therefore,
the mineral composition of sediment from the Guanting
Reservoir was simply adopted, as previously described.

The mineral composition of sediment is also related to the
particle size. For example, previous studies have shown that
sediment in the lower reaches of rivers or estuaries (with a
high level of fine-grained particles) is mainly composed of
clay minerals and oxides (Edzwald et al. 1976; Gérard 2016;
Shao et al. 2014). Li et al. (2012) studied the correlation be-
tween the particle size and mineral composition of sediment
from the Three Gorges Reservoir, in which more quartz and
feldspar were observed in coarse sediment, while more clay
minerals were observed in relatively fine-grained sediment.
Thus, there should be a sharper increase in the P adsorption
capacity with decreasing particle size than that shown by the
red line in Fig. 3, especially when D < 10 μm, which partially
explains the differences between the calculated and measured
P adsorption capacities. Furthermore, the surface pollutants
(e.g., humic acid, organic matter, and ions) of natural sediment
may also contribute to these differences, and it is observed that
the measured P adsorption capacity was generally greater than
the calculated values.

Fig. 3 Variation in the maximum
P adsorption amount with particle
size (note: the dotted and solid
lines represent the calculated
results for minerals and sediment,
respectively, using Eqs. (2), (4),
and (7); the symbols represent the
experimental results from the
literature)
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Moreover, the experimental results of natural sediment are
generally within the range of pure minerals, as shown in Fig.
3, also indicating that the mineral composition plays a key role
in the adsorption properties of natural sediment and that the
component additivity method can be applied in this study.

Effects of environmental factors on P adsorption by
sediment

The amount of P adsorption by sediment at equilibrium, qe, is
affected by environmental factors, making it difficult to
achieve the adsorption capacity, Qs

max. According to Eq. (6),
the function of the environmental factors can be expressed as

F Environmental factorsð Þ ¼ f Ceð Þ⋅ f pHð Þ⋅ f ISð Þ⋅ f Sð Þ
¼ qe

∑ pi⋅Qi
max

� � ¼ qe
Qs

max

ð8Þ

Therefore, the detailed expressions of f(Ce), f(pH), f(IS),
and f(S) can be derived from the relationships between qe=
Qs

max and each environmental factor through individual factor
or multivariable regression analyses.

The effect of aqueous P concentration was assumed to be

given by the Langmuir adsorption isotherm, f Ceð Þ∝k1 Ce
1þk1

Ce , where k1 is a constant related to the affinity of sediment
to phosphate ions (k1 > 0). The amount of P adsorption varies
with the pH due to the electrostatic interactions between the
charged sediment surface and phosphate ions, i.e., the positive
charge on sediment surfaces increases gradually with a decrease
in pH, and the amount of P adsorption increases accordingly.

The influence of pH on P adsorption is assumed to be a power

function, i.e., f pHð Þ∝pHk2 (Huang et al. 2016; Pagnanelli et al.
2003). Although the total amount of P adsorption increases with
increasing S, the amount of P adsorption per gram of sediment
decreases due to the more significant effects of competitive
adsorption under a higher S (Huang et al. 2017). An exponential
relation between the amount of P adsorption and S can be
adopted, i.e., f Sð Þ∝ek3S . There are relatively few studies about
the effect of IS on P adsorption by sediment, and some
inconsistent results exist. For example, Li et al. (2005) showed
that a higher IS was generally favourable for P adsorption by
sediment, but anions such as SO4

2−, F−, B(OH)4
−, and OH−

may compete with phosphate ions for the surface adsorption
sites and reduce the amount of P adsorption. Wang et al. (2005)
concluded that the amount of P adsorption decreased with in-
creasing IS. Here, it is assumed that the effect of IS on P ad-
sorption can be expressed as f ISð Þ∝ek4⋅IS. The individual factor
analysis of the relation between qe=Q

s
max and Ce, pH, S, and IS

is plotted in Fig. 4, where the data from different researchers are
represented by different symbols or colours (for more informa-
tion on these data, see Table A2).

In Fig. 4, the dashed lines represent the fitting functions,
and the values of k1, k2, k3, and k4 are fitted as 0.65, −0.923,
−0.022, and −25, respectively. It is worth noting that the
amount of P adsorption by sediment decreased significantly
when the pH was too low (e.g., less than 2–3) due to the
dissolution of Fe and Al compounds in the sediment (see the
red-dashed line in Fig. 4(b)); therefore, the function of f(pH) ∝
pH−0.923 is only applicable in a certain pH range. The

Fig. 4 The relation between qe /Q
s
max and environmental factors. a Ce. b pH. c S. d IS. (Note: the sizes of the symbols in b–d represent the values ofCe)
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correlation coefficient, R2, for each function is listed in
Table 2. It is evident that amount of P adsorption is strongly
correlated with Ce (R

2 = 0.6363), followed by S, IS, and pH.
Themultivariable regression analysiswas also conducted based

on the same data set in Table A2 using 1stOpt software (see Eq.
(9)) (where K is a proportional parameter and m1–m4 are the pa-
rameters to be determined), and the results are listed in Table 2.

qe
Qs

max

¼ K⋅
m1Ce

1þ m1Ce
⋅pHm2 ⋅em3S ⋅em4⋅IS ð9Þ

As shown in Table 2, only 179 data points (among 356 data
points) are used for the individual factor analysis of IS, as no
information on IS was provided in the rest of the data points
from the literature. Here, IS of the remaining 177 data points is
simply assumed to be 0.0001 mol/L for the multivariable re-
gression analysis (i.e., n = 356). Then, the function of multiple
environmental factors is expressed as Eq. (10), and the corre-
sponding R2 is 0.7024.

qe
Qs

max

¼ 1:77⋅
1:17Ce

1þ 1:17Ce
⋅pH−0:32⋅e−0:016S ⋅e−13:8IS ð10Þ

It is interesting that R2 of the multivariable function only
slightly increases from 0.6363 to 0.7024 compared with the
individual function of Ce (i.e., Eq. (11)). Therefore, the inclu-

sion of pH, S, and IS may not significantly change the ability
of the formula to describe P adsorption, and it is also accept-
able to just apply Eq. (11) as a simplification.

qe
Qs

max

¼ 0:65Ce

1þ 0:65Ce
ð11Þ

Moreover, Fig. 5 shows the comparison between the mea-
sured and calculated amount of P adsorption, qe/Q

s
max, using

Eqs. (10) and (11), where the dashed line indicates that the
calculated values are equal to the measured values, i.e., y = x.
Overall, the data points are close to the dashed line with a
uniform distribution around the line in Fig. 5a, b, indicating
that both equations can reasonably describe P adsorption,
whereas Eq. (10) performs slightly better due to the incorpo-
ration of more environmental factors, which is closer to the
actual conditions. Finally, P adsorption by sediment can be
reliably predicted using Eqs. (4) and (10) or Eqs. (4) and (11),
while simultaneously considering the effects of mineral com-
position and major environmental factors.

In this study, pure minerals were used to reveal the effects
of mineral composition on P adsorption by sediment, and the
effects of major environmental factors were also considered. It
is worth noting that sediment from natural aqueous systems is
generally coated with adsorbed substances, such as nitrogen
(N), P, heavy metals, and microorganisms. Thus, P dynamics
involve a great number of complex biotic and abiotic process-
es. Here, the influences of abiotic factors (i.e., mineral com-
position and environmental factors, including Ce, pH, IS, and
S) were mainly considered while ignoring the impact of bio-
logical factors and other abiotic factors that also exert impacts
on P adsorption under natural conditions. For example, Wang
et al. (2007) found that the amount of P adsorption increased
with increasing organic matter, which was one of the major
factors controlling P adsorption by sediment. Chen (2017)
concluded that the process of P adsorption by sediment was

Table 2 Individual factor and multivariable regression analysis of P
adsorption by sediment. (Note: n is the number of data points, ki and mi

are the fitting parameters, and R2 is the correlation coefficient)

Individual factor Multivariable regression

Ce pH S IS Ce pH S IS

n 356 356 356 179 356

ki 0.650 −0.923 −0.022 −25 mi 1.17 −0.32 −0.016 −13.8
R2 0.6363 0.0130 0.0667 0.0156 R2 0.7024

Fig. 5 Comparison between the measured and calculated amount of P adsorption, qe /Q
s
max, using a Eq. (10) and b Eq. (11)
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affected by microorganisms due to the secretion of extracellu-
lar polymeric substances (EPS) through metabolism, which
might enhance P adsorption. Moreover, the precipitation of
iron oxide and P increases the amount of P adsorption by
sediment, while the reduction of Fe3+ to Fe2+ results in P
release when the redox potential decreases (Cooke et al.
2005). Therefore, it is necessary to further consider the effects
of these biotic and abiotic factors on P adsorption by sediment
in the future to provide references for practical engineering
applications.

Conclusions

The P adsorption by sediment is affected by both internal
factors (e.g., particle size and mineral composition) and exter-
nal environmental factors (e.g., Ce, pH, IS, and S). In this
study, P adsorption was studied from the perspective of min-
eral composition and a simple but general formula was pro-
posed. The main conclusions are as follows:

(1) Different minerals have different surface morphologies
and lattice structures, leading to different adsorption
properties. Although the contents of clay minerals are
small in sediment, their P adsorption capacities are much
larger than those of other minerals, which may greatly
contribute to P adsorption.

(2) Finer particles generally have a greater SSA and more
potential surface-active sites, leading to a higher adsorp-
tion capacity. Furthermore, the mineral composition of
sediment is also related to the particle size, i.e., a greater
content of clay minerals can be observed in fine-grained
sediment, which also affects P adsorption.

(3) The amount of P adsorption is strongly correlated with
Ce, followed by S, IS, and pH. Both the multivariable
function (i.e., Eq. (10)) and the individual function of
Ce (i.e., Eq. (11)) can reasonably predict the amount of
P adsorption by sediment.

Overall, a formula that considers the external environmen-
tal factors from the perspective of pure minerals was proposed
in this study, which can reliably predict P adsorption by sed-
iment in different aqueous environments and can provide a
foundation for the prediction of P dynamics.
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