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ABSTRACT

The sorption of dissolved inorganic phosphorus by modified gravel sand (iron-doped and cal-
cined gravel sand) was studied through kinetic, equilibrium, and thermodynamic experi-
ments. The maximum phosphorus sorption capacity of iron-doped and calcined gravel sand
was 1.01 and 2.93 mg g−1, respectively. When the solution pH gradually approached a highly
alkaline condition, the phosphorus removal efficiency of iron-doped gravel sand decreased
sharply and that of calcined gravel sand increased. With an increase in initial phosphorus con-
centration, the sorption capacity of calcined gravel sand increased significantly
(0.8–3.1 mg g−1), and that of iron-doped gravel sand was relatively constant (1.2 mg g−1). Data
from the isotherm experiments were well described by Langmuir isotherm model. Kinetic
studies illustrated that the rate of sorption followed both the pseudo-first-order and pseudo-
second-order models, and that the pseudo-second-order model could better describe the sorp-
tion kinetics. The calculated thermodynamic parameters suggested that the sorption was a fea-
sible or spontaneous (ΔG < 0), entropy-driven (ΔS > 0), and endothermic (ΔH > 0) reaction.
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1. Introduction

As an essential element for the growth of organ-
isms, phosphorus (P) is present in soils, sediments,
waters, and organisms [1,2]. However, excessive phos-
phorus entering into rivers or lakes can cause eutro-
phication, the disordered growth of undesirable algae,
and other aquatic plants [3], which has become a
widespread environmental problem. As more and
more stringent regulations are implemented, reduction
or removal of phosphorus in polluted water is becom-
ing one of the most important tasks in wastewater

treatment [4]. Dissolved inorganic phosphorus (DIP)
or orthophosphate is considered to be the only form
which can be directly utilized and rapidly assimilated
by bacteria, algae [5], and plants [6]. Therefore, DIP
must be targeted for removal if the problem of eutro-
phication is to be addressed, and new materials or
methods should be studied. Some cost-effective phos-
phorus removal methods were introduced in early
studies. Soils, slags, zeolite, and calcite appear to be
promising candidates to remove phosphorus in water
[7–9]. Several studies have indicated that some filtra-
tion materials such as sand and burned clay coated
with oxides of iron, aluminum, or manganese act as
good sorbents [10–12]. Furthermore, plant residuals
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such as data palm fibers [13] and Poseidonia oceanic
fibers [14,15] have been tested as materials of phos-
phorus removal. Though most of them are used in dif-
ferent on-site solutions, such as sand filters, wetland
systems, and some experimental projects [16,17], it is
still difficult to remove phosphorus of high concentra-
tion efficiently [18] and economically in these small-
scale on-site systems. Consequently, more attention
should be paid to cost-efficient materials for removing
phosphorus from wastewater.

Gravel of different sizes is widely used as a gen-
eral filter material in wastewater treatment [19]. How-
ever, DIP sorption to gravel was seldom reported due
to its low phosphorus removal efficiency. In this
study, we analyzed two new kinds of materials pre-
pared with gravel: iron-doped gravel sand and cal-
cined gravel sand. Consequently, it is important to
understand the reaction mechanism between DIP and
sorbents for modeling its movement and fate in sew-
age treatment systems. The study aims to research the
feasibility and mechanism of DIP removal with gravel
sand and to compare the sorption efficiencies of two
new materials under various conditions. Sorption
equilibrium conditions, isotherms, kinetics, and ther-
modynamic parameters were evaluated in batch
experiments. Scanning electron microscope (SEM),
nitrogen adsorption analysis, X-ray diffraction (XRD),
X-ray fluorescence (XRF), and infrared spectroscopy
(FTIR) were used to characterize these two new mate-
rials. Some new insights into DIP removal with gravel
sand were discovered in this study, and this work also
initially evaluated the future engineering applications
of iron-doped gravel sand and calcined gravel sand.

2. Material and methods

2.1. Sorption materials

Unprocessed gravel was supplied by a material
factory in Zhengzhou, China. The samples rinsed with
distilled water were comminuted with mill, sieved
(<0.12 mm), and named as G. Afterwards, 2.0 g of the
raw sample was added to 200 mL of 0.2 mol L−1/
FeSO4 solution to modify the samples (G), and then
the mixture was stirred for 12 h at room temperature.
Then the modified samples were obtained by filtration
and drying and named as G–Fe. Other raw samples
(G) were calcined in a muffle furnace. The tempera-
ture increased from room temperature (25 ± 2˚C) to
800˚C, and the samples were calcined at 800˚C for 2 h
in aerobic conditions which could be used to avoid
the carbonization phenomenon. The cooled calcined
gravel sand samples (named as G–C) were obtained.

2.2. Phosphorus compounds

Potassium dihydrogen phosphate (KH2PO4) was
selected to prepare DIP solution for the experiments.
The DIP concentration in the solution was determined
by the molybdenum blue method after the solution
was filtered (0.45 μm filtration membrane) [20].

2.3. Characterization of materials

SEM (Philips XL 30) was used to examine the sur-
face morphology and structure of gravel sand sam-
ples. Specific surface area was measured by N2

adsorption method with the Micrometritics Tristar
3000 Surface Analyzer in the relative pressure range
of 0.001–0.995 atmospheres. Chemical composition of
the samples was determined by XRF analyzer (S4
EXPLORER, Germany). XRD analysis instrument (D8
Advance, Germany) was utilized to analyze the miner-
alogy of gravel sand samples. The surface functional
groups were identified according to transmission
infrared spectra obtained from a Fourier transform
infrared (FTIR) spectrophotometer (Nicolet 6700,
USA).

2.4. Sorption isotherm experiments

The sorption isotherms experiments were con-
ducted at 25, 35, and 45˚C. Samples (0.3 g) were added
to a series of 150-mL beaker flasks containing 50 mL
DIP solutions with various P concentrations (0, 5, 10,
15, 20, 25, and 30 mg L−1). The beaker flasks were sha-
ken in a temperature-controlled shaker at a speed of
220 rpm under the various constant temperatures.
After 75 min, the solution was filtered (0.45 μm filtra-
tion membrane) for DIP analysis [21].

2.5. Kinetics sorption experiments

Batched experiments were carried out to evaluate
the kinetics of DIP sorption. Samples (0.3 g) were
added into 50 mL of 20 mg L−1 DIP solution. Samples
were shaken in a temperature-controlled shaker under
various constant temperatures of 25, 35, and 45˚C at a
speed of 220 rpm in batches. The equilibration time
used to evaluate the sorption kinetics is 1, 2, 4, 6, 10,
14, 30, 45, and 75 min.

2.6. Thermodynamic parameters

Samples (0.3 g) were added into 50 mL DIP solu-
tions with various initial concentrations (5, 10, 15, 20,
25, and 30 mg L−1) at three different temperatures: 25,
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35, and 45˚C. Batch samples were shaken in a temper-
ature-controlled shaker for 75 min. The thermody-
namic parameters of DIP sorption, such as enthalpy
(ΔH), Gibbs energy (ΔG), and entropy (ΔS), were esti-
mated by fitting linear equations to the thermody-
namic data obtained under different concentrations.

3. Results and discussion

3.1. Characterization of the gravel sand

3.1.1. Physical property

According to the measurements by N2 adsorption
method with the Micrometritics Tristar 3000, the spe-
cific surface area of raw gravel sand (G) was 4.07 m2g−1

with a total pore volume of 9.52 × 10−4 cm3g−1 (Table 1).
The iron-doped sample (G–Fe) had the higher specific
surface area (11.03 m2g−1) and total pore volume
(4.22 × 10−3 cm3g−1) than raw gravel sand. The
difference could be interpreted as follows: the raw
gravel had poor internal volume and doped iron in
iron-doped gravel sand increased the specific surface
area or pore volume [22]. The calcined gravel sand
(G–C) showed a low specific surface area of 1.79 m2g−1

with a total pore volume of 3.32 × 10−4 cm3g−1,
indicating that the more concentrated mesopores
and macropores were generated due to the micropo-
rous occlusion and subsidence damage of gravel sand
[23].

The mineralogical composition is provided in
Table 1. Obviously, the iron-doped gravel sand had
the higher content of Fe (2.77%) and the lower Ca con-
tent than other kinds of gravel sand. Ion exchange
between Fe and Ca might occur during the modifica-
tion process and might attribute to the sorption effi-
ciency of iron-doped gravel sand.

3.1.2. Morphology analysis

SEM analysis was conducted to explore the inter-
nal structure and morphology of gravel sand samples.
The raw gravel sand had a smooth and flat surface

(Fig. 1(a)). A large number of pores observed on the
iron-doped gravel sand surface (Fig. 1(b)) increased
the surface area and pore volume, and the surface
structure was more conductive to sorption [24]. Due
to the occlusion and subsidence damage of the gravel
sand surface, a porous structure was formed in cal-
cined gravel sand after calcinations (Fig. 1(c)).

3.1.3. XRD analysis

XRD was utilized to identify the material morpho-
logical structure with a non-quantitative description
[25]. The XRD diagrams are shown in Fig. 2. The
diagrams of iron-doped gravel sand (G–Fe) and cal-
cined gravel sand (G–C) were almost the same, indi-
cating that they had the same mineralogy. In Fig. 2(a),
a new peak could be observed at 29.40˚, indicating
that the raw sample might have the crystal form of
calcite according to the data from the Joint Committee
on Powder Diffraction Standards (JCPDS pattern num-
ber: 41–1475). No peak occurred at 29.40˚ in Fig. 2(b)
and (c) due to the modification and calcinations.

3.1.4. FTIR analysis

Fig. 3 showed the FTIR spectra of the gravel sand
samples. The clear distinctions were observed in the
FTIR spectra of raw gravel sand (G), iron-doped
gravel sand (G–Fe), and calcined gravel sand (G–C).
The peak at 1,125 cm−1 in G–Fe and G corresponded
to the stretching and vibration of Si–O–Fe, and a
strong Ca–O–Fe peak at 1,050 cm−1 which only existed
in G–C illustrated that Ca took part in the sorption
with Fe [26]. The peak around 875 cm−1 (existed in
G–Fe and G) might be assigned to the Fe–C or Ca–C
[27], and no peak existed in G–C due to the cleavage
of Fe–C or Ca–C bonds during calcination. Addition-
ally, the peak at 780 cm−1 could be assigned to the
Fe–OH in three materials [28]. After all, hydrogen
bonding was not the main mechanism of the sorption
process for G–C and G–Fe, since the modified gravel
sand must be clouded with water molecules and is

Table 1
Physical property of gravel sand samples

Sorbents

Surface property analysis Elemental analysis (%)

Specific surface area (m2g−1) Pore volume (cm3g−1) Si Fe Al Mg Ca

G 4.07 9.52 × 10−4 25.90 0.97 1.77 0.42 2.08
G–Fe 11.03 4.22 × 10−3 24.10 2.77 1.45 0.13 0.20
G–C 1.79 3.32 × 10−4 26.00 1.09 1.71 0.62 2.25
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not free for any significant interaction with phospho-
rus. According to the results of XRD and elemental
analysis, calcium carbonate crystals might exist in G
and G–Fe. The iron-doped gravel sand might supply
new sites for sorption and the sorption process of cal-
cined gravel sand was not a simple physical process.

Fig. 1. SEM images of gravel sand samples ((a) for G, (b) for G-Fe, and (c) for G-C).
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Fig. 2. XRD patterns of gravel sand samples ((a) for G, (b)
for G-Fe, and (c) for G-C).
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Fig. 3. FTIR spectra of gravel sand samples.
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3.2. Equilibrium studies

3.2.1. Effect of pH on percentage removal of DIP

As shown in Fig. 4, the removal percentage of DIP
was highly affected by pH. The results indicated that
the calcined gravel sand (G–C) had the higher removal
efficiency than the other two materials in different pH
conditions. As the pH of the solution approached a
highly alkaline condition (pH 11.02), the removal effi-
ciency of raw gravel sand (G) increased slightly from
14 to 25% and calcined gravel sand (G–C) increased
from 68 to 91%. On the contrary, when the pH of the
solution was increased from 3.18 to 11.02, the removal
efficiency of iron-doped gravel sand decreased from
52 to 25%.

When pH increased, H2PO
�
4 was dissociated to

HPO2�
4 to react with Ca2+ to generate non-crystal cal-

cium phosphate (Ca3(PO4)2) due to the high content of
calcium in raw gravel sand (G) and calcined gravel
sand (G–C). Furthermore, Ca3(PO4)2 could be con-
verted to the stable Ca5(OH)(PO4)3 (HAP). Therefore,
the removal efficiency increased with pH rise. The
reactions were provided as follows:

3Ca2þþ 2 OH� þ 2HPO2�
4 ¼ Ca3 PO4ð Þ2 # þ2H2O (1)

5Ca2þ þ 4OH� þ 3HPO2�
4 ¼ Ca5 OHð Þ PO4ð Þ3 # þ3H2O

(2)

In iron-doped gravel sand (G–Fe), the electrostatic
properties might be influenced by pH. When pH
increased, OH− competed with phosphate for the
active sites on the surfaces of sorbents, thus affecting
the sorption efficiency [29]. Additionally, the pH-

dependent phosphorus removal efficiency might be
associated with ligand exchange between OH− and P
[30], and the high content of Fe in iron-doped gravel
sand supplied the condition for ligand exchange. The
reactions were provided as
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2�Fe–OHþH2PO
�
4 ¼ �Feð Þ2HPO4 þH2OþOH� (3)

3.2.2. Effect of initial concentration on the removal of
DIP in different temperatures

The effect of initial concentration on the removal
of DIP with raw gravel sand (G), iron-doped gravel
sand (G–Fe), and calcined gravel sand (G–C) at three
different temperatures (25, 35, and 45˚C) was studied.
The equilibrium sorption capacity qe (mg g−1) and
phosphorus removal efficiency (η%) were used to
describe the removed phosphorus removal, and Fig. 5
showed the difference among these materials at the
three temperatures. For example, at 25˚C, the initial
concentration had small effects on the removal effi-
ciency of raw gravel sand. The removal efficiency of
iron-doped gravel sand decreased rapidly (96–30%)
when the initial phosphorus concentration increased
from 5 to 20 mg L−1, and then the removal efficiency
tended to be balanced (30–22%). This observation
could be explained as follows: all sites on the surface
were vacant and the available sorption sited decreased
rapidly and when almost all the available sites were
fully utilized, the removal efficiency tended to be bal-
anced [31]. Additionally, the phosphorus removal effi-
ciency of calcined gravel sand was stable (around
95%) when the initial concentration increased from 5
to 15 mg L−1 and then decreased significantly (94–
55%). Chemical sorption might occur due to the mor-
phological change of calcium and when the initial con-
centration increased, the amount of calcium decreased
and the removal efficiency decreased significantly.

At these different temperatures, the initial concen-
tration had small effects on the equilibrium sorption
capacity of raw gravel sand (G). When the tempera-

ture and initial concentration increased, the equilib-
rium sorption capacity of iron-doped gravel sand
increased slowly and was relatively constant (approxi-
mately 1.2 mg g−1), since the availed site on the sur-
face was limited. The equilibrium sorption capacity of
calcined gravel sand (G–C) was larger (up to
3.08 g mg−1 in 45˚C) than that of iron-doped gravel
sand (G–Fe), and the sorption capacity increased with
the increase of initial concentration. The difference
could be explained as follows: when the initial concen-
tration was increased, the concentration gradient
between adsorbent and adsorbate was increased and
the probability of the contact between sorbent and sor-
bate was increased [32,33].

3.3. Sorption isotherm fitting

The Langmuir isotherm constants, qm and K, were
calculated with the slope and intercept of the plot of
Ce/qe vs. Ce according to Eq. (4) and provided in
Table 2

Ce

qe
¼ 1

qm
Ce þ 1

Kqm
(4)

where qe (mg g−1) and Ce (mg L−1) were the equilib-
rium sorption capacity and the equilibrium concentra-
tion of DIP, respectively; qm (mg g−1) was a predicted
maximum sorption capacity; K (Lmg−1) was the affin-
ity of the sorbent for the sorbate.

The plot of log qe vs. log Ce according to Eq. (5)
resulted in strait line with a slope 1/n and an inter-
cept log KF in the Freundlich isotherm shown in
Table 2.

Table 2
Langmuir and Freundlich isotherm parameters of DIP sorption on gravel sand (calculated uncertainties are given in
parentheses)a

Sorbent T˚C

Langmuir Freundlich

qm (mg g−1) K (Lmg−1) R2 1/n KF (mg g−1)(Lmg−1)1/n R2

25 1.26 (0.06) 3.673 (0.270) 0.9903 0.06 (0.02) 0.882 (0.017) 0.8728
G–Fe 35 1.32 (0.04) 2.154 (0.525) 0.9858 0.10 (0.01) 0.957 (0.012) 0.9506

45 1.53 (0.07) 5.094 (0.789) 0.9496 0.13 (0.05) 1.339 (0.049) 0.6272

25 2.85 (0.01) 2.918 (0.036) 0.9988 0.28 (0.07) 1.558 (0.053) 0.7935
G–C 35 2.95 (0.01) 3.724 (0.030) 0.9870 0.43 (0.14) 2.141 (0.069) 0.7410

45 3.12 (0.01) 5.028 (0.016) 0.9996 0.07 (0.01) 2.657 (0.010) 0.8775

aStandard error propagation methods were used to calculate uncertainties in the observation, which accounted for the uncertainties of all

measured quantities.
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log qe ¼ ð1=nÞ logCe þ logKF (5)

where KF was defined as the sorption capacity of the
sorbent. The 1/n value, which ranged from 0 to 1, was
a dimensionless factor which could be used to measure
the sorption intensity or surface heterogeneity [34].

In this study, the isotherm data were fitted to the
above two models by linear regression according to
the method of least squares. The results of the
phosphorus sorption isotherm experiments are shown
in Table 2. A Langmuir model (R2 values of
0.9496–0.9996) could describe the DIP sorption iso-
therm better than Freundlich model (R2 values of
0.6272–0.9506). For Langmuir isotherm, qm increased
with rising temperature, indicating that chemical sorp-
tion occurred [34]. Furthermore, qm of gravel sand by
calcination (G–C) was much higher than that of gravel
sand modified with Fe (G–Fe), indicating that G–C
sample had larger maximum sorption capacity than
G–Fe sample. For Freundlich isotherm, the values of
1/n ranged from 0 to l, indicating that the conditions
were conducive to sorption [35].

In additional, we compared maximum sorption
capacities for phosphate obtained in this study with
other sorbents. The results indicated that the iron-
doped and calcined gravel sand had the higher sorp-
tion capacities than the common sorption materials
such as zeolite, ceramic sand, quart sand, and shale
(the sorption capacities are 0.46, 0.51, 0.02, and
0.65 mg g−1, respectively) [36,37]. Furthermore, G–Fe
and G–C also has the higher sorption capacities than
the materials which contain iron and aluminum such
as pyrrhotite and bauxite (the sorption capacities are
0.92 and 0.61 mg g−1, respectively) [36,38]. It was sug-
gested that the iron-doped and calcined gravel sand
were the effective sorbents for purification of waste-
water containing phosphate.

3.4. Kinetics

The kinetic of the sorption was the most commonly
described with pseudo-first-order and pseudo-second-
order models [39].

The pseudo-first-order expression was generally
described with the following Eq. (6) [40]:

dqt
dt

¼ k1ðqe � qtÞ (6)

After integration and the application of the boundary
conditions, for qt= 0 at t = 0 and qt= qt at t = t, the inte-
gral from Eq. (7) becomes:

qt ¼ qeð1� e�k1tÞ (7)
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Fig. 6. Sorption kinetics of DIP onto G–C and G–Fe at vari-
ous temperatures ((a) 25˚C; (b) 35˚C; and (c) 45˚C).
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where qe and qt were the amounts (mg g−1) of DIP
adsorbed at equilibrium time and at time t (min),
respectively; k1 was the first-order kinetics constant
(min−1).

The pseudo-second-order equation was expressed
as [41]:

t

qt
¼ 1

k2q2e
þ t

qe
(8)

where k2 was the second-order kinetics constant
(g mg−1 min−1).

Fig. 6 showed the kinetics of DIP sorption on the
iron-doped gravel sand with Fe (G–Fe) and calcined
gravel sand (G–C) with the curves predicted from
pseudo-first-order and pseudo-second-order models,
indicating that DIP sorption processes on the two
kinds of samples were fast at the very beginning
(10 min), but turned slow soon after the initial adsorp-
tion. And then, the amount of adsorbed DIP increased
slowly to a plateau value in approximately 60 min.
According to the comparison of the two materials, DIP
sorption of calcined gravel sand was much larger than
that of iron-doped gravel sand, and the relatively
large value of qe was obtained at 45˚C. The rapid ini-
tial sorption could be interpreted as physical sorption
mechanisms such as electrostatic interaction, in which
the adhesion of phosphorus to the material surface
occurred at the initial stage. The decreasing sorption
rate thereafter could be attributed to ligand exchange
[42].

In this study, the kinetic parameters of DIP were
obtained through non-linear fitting with two models.
The value of correlation coefficients (R2) indicated that
both the pseudo-first-order and pseudo-second-order
models could be used to fit the data and estimate
model parameters (R2 > 0.9). But the overall data was

better fitted by pseudo-second-order model
(0.9531 < R2 < 0.9949) for describing the sorption of
DIP onto gravel sand samples, and the equilibrium
sorption capacity (qe) was close to the experimental
ones (qexp) obtained with the pseudo-second-order
model. The rate constants (k) of DIP sorption on the
calcined gravel sand were higher than those on iron-

Table 3
Fitting kinetics and mechanism parameters of DIP sorption onto G–C and G–Fe according to pseudo-first-order and
pseudo-second-order models at three different temperatures (calculated uncertainties are given in parentheses)a

Sorbent T˚C qexp (mg g−1)

Pseudo-first-order Pseudo-second-order

qe (mg g−1) k1 (min−1) R2 qe (mg g−1) k2 (gmg−1 min−1) R2

25 0.81 0.74 (0.04) 0.298 (0.057) 0.9166 0.80 (0.03) 0.566 (0.121) 0.9615
G–Fe 35 1.01 0.90 (0.05) 0.404 (0.090) 0.9028 0.97 (0.04) 0.596 (0.130) 0.9641

45 0.97 0.89 (0.03) 0.418 (0.073) 0.9382 0.92 (0.01) 0.912 (0.053) 0.9531

25 2.69 2.61 (0.05) 1.469 (0.197) 0.9786 2.70 (0.03) 1.161 (0.145) 0.9949
G–C 35 2.78 2.70 (0.04) 1.514 (0.169) 0.9876 2.78 (0.03) 1.231 (0.189) 0.9940

45 2.93 2.70 (0.06) 1.134 (0.168) 0.9663 2.83 (0.04) 0.707 (0.088) 0.9923

aStandard error propagation methods were used to calculate uncertainties in the observation, which accounted for the uncertainties of all

measured data.
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Fig. 7. Thermodynamic analysis for DIP sorption onto G–C
and G–Fe.
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doped gravel sand (Table 3), indicating that the cal-
cined gravel sand had higher sorption capacity than
iron-doped gravel sand.

3.5. Thermodynamic parameters

The thermodynamic parameters were analyzed
with the following equations [28,43]:

KD ¼ C0 � Ce

Ce
� V

m
(9)

DG� ¼ �RT ln ðKDÞ (10)

ln ðKDÞ ¼ DH�

RT
þ DS�

R
(11)

where ΔG˚ (kJ mol−1) was the change in Gibb’s free
energy; ΔS˚ (kJ mol−1 K−1) was the change in entropy;
ΔH˚ (kJ mol−1 K−1) was the change in enthalpy; KD

was the equilibrium constant (dimensionless); R
(8.314 J mol−1 K−1) was the gas constant; T (K) was
absolute temperature; C0 (mg L−1) was the initial solu-
tion concentration; Ce (mg L−1) was the solution equi-
librium concentration; V (mL) was the solution
volume; m (g) was the mass of gravel sand.

The plot of ln KD vs. 1,000/T according to Eq. (11)
resulted in straight line with a slope ΔH˚/R and an
intercept ΔS˚/R (Fig. 7). By substituting the value of
R, ΔH˚ and ΔS˚ were calculated (Table 4). Change of
Gibbs energy, ΔG˚, could be calculated by Eq. (10)

The calculation of thermodynamic parameters is
helpful to elucidate sorption mechanisms. Depending
on adsorbent and adsorbate, the sorption of phospho-
rus could increase or decrease with the increase of
temperature [44].

The negative values of ΔG˚ (Table 4) indicated that
the sorption of DIP was spontaneous [45]. The
decrease of ΔG˚ with the increase of temperature

indicated a higher sorption impetus at higher temper-
ature [46]. According to the comparison results of the
samples of iron-doped gravel sand (G–Fe) and cal-
cined gravel sand (G–C), the ΔG˚ value of G-C was
smaller than that of G–Fe, confirming that the G–C
had the higher sorption capacity than G-Fe. When ΔG˚
increases with the increase in inertial concentration,
the sorption impetus decreased, indicating that
desorption occurred more easily than sorption at the
same temperature [47].

The positive value of ΔS˚ indicated an entropy-dri-
ven process. That is to say, molecular movement at
the gravel sand/water interface turns more chaotic
after sorption for water molecule desorption from
gravel sand surface leads to the more chaotic move-
ment from material surface to the solution.

The positive value of ΔH˚ for the sorption indi-
cated that the process was the endothermic nature
[48], and that the higher temperature was more con-
ductive to sorption.

4. Conclusions

Sorption data suggested that two new materials
(iron-doped gravel sand and calcined gravel sand)
had higher sorption capacity to DIP than raw gravel
sand and other common sorption materials. High pH
was favorable for phosphorus sorption with calcined
gravel sand, whereas low pH was beneficial to phos-
phorus sorption with iron-doped gravel sand. When
initial phosphorus concentration increased, the phos-
phorus sorption capacity of the calcined gravel sand
increased and the iron-doped gravel sand was rela-
tively stable. The phosphorus removal efficiency of
calcined gravel sand was higher than those of iron-
doped gravel sand and raw gravel sand, and the
removal efficiency decreased with the increase of
phosphorus initial concentration. The equilibrium
sorption data was better fitted by Langmuir isotherm.

Table 4
Thermodynamic parameters for DIP sorption onto G–C and G–Fe

C0 (mg L−1)

G–Fe G–C

ΔH˚
(kJ mol−1)

ΔS˚
(kJ mol−1K−1)

ΔG˚ (kJ mol−1)
ΔH˚
(kJ mol−1)

ΔS˚
(kJ mol−1K−1)

ΔG˚ (kJ mol−1)

25˚C 35˚C 45˚C 25˚C 35˚C 45˚C

5 48.05 0.23 −20.69 −21.71 −25.33 27.86 0.16 −20.27 −21.71 −23.50
10 60.83 0.25 −14.19 −18.41 −19.18 34.03 0.18 −20.15 −21.24 −23.81
15 48.26 0.20 −12.61 −12.78 −16.74 33.64 0.18 −19.63 −20.95 −23.22
20 11.02 0.07 −10.54 −11.60 −11.98 19.30 0.12 −16.47 −17.65 −18.87
25 34.62 0.15 −9.29 −10.88 −12.23 12.96 0.09 −14.21 −15.09 −16.03
30 20.69 0.10 −9.56 −10.64 −11.59 9.55 0.08 −13.24 −13.88 −14.78
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The rate of sorption followed both the pseudo-first-
order and pseudo-second-order models, and pseudo-
second-order could better describe the sorption kinet-
ics. According to the calculation of thermodynamic
parameters for two new materials, the sorption was a
feasible or spontaneous (ΔG < 0), random entropy-dri-
ven process (ΔS > 0), and endothermic (ΔH > 0) reac-
tion. This study illustrates that these two new
materials can be used as environment protection mate-
rial in different fields due to their low cost.
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