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Abstract: Biochar is a new type of adsorption material with excellent performance, but it has some
problems, such as light texture, poor sedimentation, and difficult recovery, which limits its practical
application. In this study, biochar microspheres (MBCQ) were prepared by the sol–gel method using
powdery biochar from Hydrocotyle vulgaris as raw material and sodium alginate as a granular carrier.
Experiments were performed to investigate the dynamic adsorption characteristics of phosphorus by
MBCQ in the adsorption column and the influences of particle size, initial phosphorus concentration,
flow rate, and column height on the breakthrough curve. The results showed that the static adsorption
properties of different particles varied and that 3-millimeter particles were optimal. The breakthrough
time positively correlated with column height and negatively correlated with initial phosphorus
concentration, flow rate, and particle size. Flow velocity significantly impacted breakthrough time
and length of mass transfer. The bed depth/service time model accurately predicted the relationship
between breakthrough times and column heights. When ct/c0 = 0.6, the average relative deviation
between predicted and measured values was the lowest. The Thomas model described the MBCQ
adsorption process of Ph (R2 > 0.95), which indicated that diffusion in MBCQ adsorption was not a
rate-limiting step.

Keywords: adsorption column; biochar microspheres; breakthrough curve; Hydrocotyle vulgaris;
phosphorus removal

1. Introduction

Phosphorus (Ph) is an indispensable element of living things and plays an important
role in plant growth and development and human metabolism [1]. With the wide use
of Ph in agriculture, industry, and daily life, excess Ph is discharged into water bodies,
thereby causing water eutrophication and seriously damaging the water ecosystem [2].
Therefore, the development of cost-effective Ph control technology is crucial for blocking
water eutrophication. At present, commonly used Ph removal methods mainly include
membrane filtration, ion exchange, chemical precipitation, adsorption, biological treatment
and crystallization [3–5]. Among them, adsorption has attracted much attention for its
advantages, including high efficiency, low energy consumption, low cost, simple operation,
wide application, and recyclable adsorption materials [6].

Biochar is a new type of adsorption material that achieves excellent performance [7].
It is a type of porous material that forms when biomass cracks at high temperatures un-
der oxygen-limited conditions. It has the characteristics of a large specific surface area,
developed pores, stable physical and chemical properties, acid and alkali resistance, high
temperature, and high-pressure resistance [8]. The raw materials used for preparing biochar
have a wide range of sources and are easily available [9], hence biochar has become a re-
search hotspot in the environmental field in recent years [10]. However, due to electrostatic
mutual repulsion of the negative charge on the surface of biochar, it has weak adsorbability
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for anions such as phosphate. To enhance the adsorption capacity of biochar to phosphate, it
is necessary to adopt appropriate measures to modify the surface structure and composition
of biochar [11]. Studies have found that biochar loaded with lanthanum [12], aluminum [13],
iron [14], magnesium [15], and other heavy metal elements can significantly enhance the
capacity of adsorption to Ph. Among them, magnesium is a component of chloroplasts
and plays an important role in plant photosynthesis. Magnesium-loaded biochar only
produces good Ph removal effects but also promotes plant growth and development, which
is beneficial to the restoration of water ecosystems. However, the application of biochar
in engineering is limited due to practical problems such as light texture, floating, large
dispersion, poor sedimentation, and difficulty separating water and sewage. Studies have
shown [16] that sodium alginate (SA) is an excellent granular carrier material that is rich in
hydroxyl and carboxyl groups and can be cross-linked with divalent metal ions to form a
gel with a three-dimensional network structure, thereby ensuring a good adsorption effect.
At the same time, it can effectively achieve biochar granulation.

As an ecological sewage treatment technology, constructed wetland has a series of
advantages, such as good decontamination effects, low cost, easy operation and mainte-
nance, and high landscape value [17]. It has been widely used in the treatment of domestic
sewage [18], tail-water from sewage treatment plants [19], industrial wastewater [20], and
surface runoff [21], etc. Wetland plants can increase biomass to purify water by absorbing
and adsorbing elements such as nitrogen and Ph in the water during their normal growth cy-
cle. Additionally, secondary pollution caused by the return system for which plant growth
slows down can promote the purification effect of constructed wetland [22]. Hydrocotyle
vulgaris is a commonly used wetland aquatic plant for its high landscape value, strong re-
production, good adaptation, and high efficiency in the removal of nitrogen, Ph, and heavy
metals [23]. At present, research on Hydrocotyle vulgaris mainly focuses on physiological
characteristics, growth, reproduction, allelopathy, biological invasiveness, water pollution
prevention, and environmental remediation, etc. [24,25], whereas resource utilization of
discarded Hydrocotyle vulgaris has seldom been reported. Therefore, this study aimed to
study the dynamic adsorption characteristics of MBCQ (Magnesium-modified Hydrocotyle
vulgaris biochar microspheres) to Ph under different conditions of particle size, initial Ph
concentration, flow rate, and column height by using magnesium-carrying Hydrocotyle
vulgaris biochar (MBC) as raw material, Ph as a polluting target, SA as a granular carrier,
and calcium chloride as a cross-linking agent, thereby aiming to provide basic data and
a theoretical basis for the resource utilization of discarded Hydrocotyle vulgaris and the
control of Ph pollution in water bodies. The aim of this study is to the efficient phosphorus
removal MBCQ can provide a new idea for the resource utilization of waste Hydrocotyle
vulgaris and phosphorus removal method.

2. Materials and Methods
2.1. Experimental Instruments and Materials

Hydrocotyle vulgar was taken from Yanghu Wetland Park in Changsha City, Hunan
Province, China (28◦07′36.19′ ′ N, 112◦55′45.12′ ′ E). All chemicals, magnesium chloride hex-
ahydrate (≥98.0%), dipotassium hydrogen phosphate (≥99.0%), sodium alginate (≥99.0%),
and calcium chloride (≥99.0%), all of analytical grade, were purchased from Sinopharm
Chemical Reagents Co., Ltd. (Sinopharm Chemical Reagents Co., Ltd, Shanghai, China).
De-ionized water (18.25 MΩ) (UPH-IV-10T, Ulupure, Chengdu, Sichuan, China) was used
in the experiments. The main instruments used in the experiment: the peristaltic pump
(WX10-14) is manufactured by Longer (Longer, Shijiazhuang, Hebei, China), the oil bath
stirring device (DF-I) is manufactured by Daxluot (Daxluot, Shanghai, China).

2.2. Preparation of an Adsorbent
2.2.1. Preparation of MBC

The fabrication process of MBCQ is schematically depicted in Figure 1. Hydrocotyle
vulgar was washed with deionized water and then dried, ground, passed through a 50-mesh
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sieve and placed in a sealed bag. Biomass powder at the weight of 100 g was combined with
1 L of 3 mol/L MgCl2·6H2O solution. After stirring for 10 min with a magnetic agitator, the
solution was placed in a thermostatic oscillator and oscillated at 25 ◦C, 150 r/min for 24 h
to fully mix them. After filtration, washing, and drying, Mg-loaded biomass was obtained.
The Mg-loaded biomass was placed in a tubular furnace in N2 atmosphere, heated to 500 ◦C
at 10 ◦C/min, maintained for 2 h, then cooled to room temperature. The biochar obtained
was recorded as MBC.
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2.2.2. Preparation of Biochar Particle (MBCQ)

An appropriate amount of SA was dissolved in deionized water to obtain 0.8% SA
solution. Under the heating condition of 70 ◦C, the MBC prepared above was added into
the SA solution and stirred at 70 ◦C for 1 h to make it evenly mixed. The mixed solution
was recorded as SA-C, loaded into syringes of different sizes, and dropped into 0.1 mol/L
CaCl2 solution, which could form small balls when the solution was stirred slowly to avoid
adhesion. The balls were collected and dried, and the resulting biochar particles were
recorded as MBCQ. 1 g MBCQ contains 0.087 g of MBC.

2.3. Static Adsorption Experiment

Into a 250-milliliter corked conical flask, 100 mL of KH2PO4 solution was placed, and
1 g MBCQ of each different particle size was added. The pH of the solution was adjusted to
7.0 by the sodium hydroxide and hydrochloric acid solution, and the concentration of total
phosphorous (Ph) in the supernatant (fluid) was determined after 24 h of oscillation in a
150 r/min constant temperature oscillator at 25 ◦C. Three parallel samples were set up for
each group of experiments.

2.4. Adsorption Column Experiment

A self-made adsorption column as shown in Figure 2 was utilized for the adsorption
column experiment. It was made of glass with an inner diameter of 20 mm and a height
of 250 mm. The column was filled with MBCQ adsorbent material. To avoid the loss
of adsorbent during the adsorption process, the upper and lower ends were filled with
an appropriate amount of glass wool. Before adsorption, the MBCQ adsorption material
was fully infiltrated with deionized water to make it evenly filled, and then KH2PO4
solution was added from top to bottom through a peristaltic pump to measure the effluent
concentration regularly. In this study, 95% c0 (initial ion concentration) was set as the
saturation point and 10% c0 as the breakthrough point.
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2.5. Calculation of Adsorption Column Parameters

The total amount of Ph adsorbed by the adsorption column (Mad) from the beginning
of the adsorption reaction to the adsorption saturation can be calculated from the following
equation (Equation (1)).

Mad = Q1000
∫ te

0
(c0 − ct)dt (1)

qexp is the dynamic adsorption capacity of the adsorbent, which can be calculated from
the following equation (Equation (2)).

qexp = Mad/m (2)

H is the length of the adsorption column mass transfer zone, which can be calculated
from the following equation (Equation (3)).

H = c0Q(te − tb)/(1000qexpρ0A) (3)

where m (g) is the adsorbent mass; Q (mL/min) is the inlet water flow rate; tb and te (min)
are the adsorption breakthrough point and saturation point time; c0 and ct (mL/L) are Ph
concentrations of inlet and outlet water; A (cm2) is the adsorption column cross-sectional
area; ρ0 (g/cm3) is the adsorption column filling density.

2.6. Adsorption Model Fitting
2.6.1. Adsorption Isotherm Equation

The Langmuir and Freundlich isotherm models were used to fit their adsorption data,
and the calculation equation is as (Equations (4) and (5)).

ce/Qe = ce/Qmax + 1/kLQmax (4)

lnQe = lnKF + lnce (5)

where ce (mg/L)is the concentration of Ph solution at equilibrium; Qe (mg/g) is the
adsorption capacity at equilibrium; Qmax (mg/g) is the maximum adsorption capacity of
the adsorbent; KL and KF (L/g) are the adsorption equilibrium constants of the Langmuir
and Freundlich equations; n is the constant indicating the linearity of this adsorption
isotherm.

2.6.2. The Bed Depth Service Time Model

The BDST (Bed depth service time) model predicts the adsorption time at different
column heights, flow rates, and other factors which are often applied in adsorption systems.
The model assumes that the adsorbent is directly adsorbed on the adsorbent surface,
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ignoring the resistance between mass transfer and internal diffusion, and is an idealized
model [26]. The predicted time can be calculated by equation (Equation (6)).

t = N0z/(c0v) − ln(c0/ct − 1)/kc0 (6)

The linear expression for this is (Equation (7)).

t = az + b (7)

where N0 (mg/g) is the maximum adsorption amount; v (cm/h) is the inlet water linear
velocity; k (L·mg−1·h−1) is the adsorption rate constant; z (cm) is the adsorption column
height; t (min) is the adsorption time; a and b are the slope and intercept.

In the same system, when only the flow rate changes, a changes and b remains
unchanged, which can be calculated by equation (Equation (8)). Only when only the
initial concentration changes, both a and b change, which can be calculated by equations
(Equations (9) and (10)).

a = Qa/Q (8)

va′ = c0a/c0 (9)

b′ = b(c0/c0
′)[ln(c0

′/ct
′ − 1)·L − 1n(c0/ct − 1)] (10)

where c0
′ (mg/g) is the inlet water Ph concentration after the change; Q′ (mg/min) is the

inlet water flow rate after the change; a′ and b′ are the slope and intercept after the change.

2.6.3. The Tomas Model

The Tomas model is a simplified model based on the Langmuir equation, assuming
only advective flow action in the adsorption process and no axial diffusion [27]. It is
commonly used to describe dynamic adsorption performance, estimate adsorption capacity
and adsorption rate constants. Its calculation formula is shown in (Equation (11)).

ct/c0 = 1/[1 + exp(Kthqcalm/Q − Kthc0t)] (11)

where Kth (10−3 L·min−1·mg−1) is the Tomas model rate constant; x (g) is the adsorption
column mass; q0 (mg/g) is the equilibrium adsorption volume; v (mL/min) is the flow rate;
t (min) is the adsorption time.

2.7. Analytical Methods and Instruments

The concentration of Ph was determined according to the Water and Waste Water
Monitoring Analysis Method (SEPA, 2002) using a UV-visible spectrophotometer (HACH-
DR/6000, HACH, Loveland, CO, USA). The surface morphology of MBCQ was analyzed
using a scanning electron microscope (SEM, QUANTA, FEI Company, Holland, The Nether-
lands). The specific surface area of MBCQ was measured by the Brunauer–Emmett–Teller
method (BET, Autosorb-IQ-MP, Quantachrome Instrument Corp., Norcross, GA, USA).
The crystalline structure of MBCQ was characterized by X-ray diffractometer (XRD, D8
Advance, BRUKER, Karlsruhe, Germany).

3. Results
3.1. MBC Phosphorus Removal Performance Analysis

Table 1 compares the maximum adsorption capacities of MBCand different types of
adsorbents media previously reported [28–33] for the removal of Ph. It can be seen that
the adsorption capacity of MBC for phosphorus can reach 223.4 mg/g, which is much
higher than other reported biochar-based materials. This shows that Hydrocotyle vulgar is
a potential raw material for high-efficiency phosphorus removal and adsorption, but the
powder biochar (MBC) of Hydrocotyle vulgar is light in texture, dispersed and difficult to
recover. Therefore, in the next research, the powder biochar is prepared into microspheres
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(MBCQ), and the adsorption performance of MBCQ on phosphorus is studied to provide
basic data for its practical application.

Table 1. Comparison of phosphate adsorption capacity by relevant adsorbents.

Feedstock Modifying Agent
Specific

Surface/(m2/g)
Adsorption

Capacity/(mg/g) Ref.

Hydrocotyle vulgar
(MBC) MgCl2·6H2O 931.1 223.4 This study

Ground coffee waste MgCl2·6H2O 36.4 56.0 [28]
Walnut shells MgCl2·6H2O / 2.6 [29]

Sewage sludge MgCl2·6H2O / 28.1 [30]
Raw cypress sawdust MgCl2·6H2O / 66.7 [31]

Holm Oak MgCl2·6H2O / 64.6 [32]
Thalia dealbata MgCl2-alginate 46.2 46.6 [33]

3.2. Static Adsorption Performance of MBCQ

Under the conditions of a temperature of 25 ◦C, the initial Ph concentration of 5 mg/L,
carbon content of 4.4 mg/g, and mass of 1 g, the static Ph adsorption effect of MBCQ with
nine particle sizes is shown in Figure 3. The Ph removal rates of MBCQ with nine particle
sizes were all higher than 90%, and the adsorption capacity ranged from 90.00 mg/g to
96.10 mg/g, which indicated that the Ph removal effect of granulated biochar was more
effective in removing Ph. However, the difference in particle size had an effect on the
adsorption performance of MBCQ, which was 3 mm > 9 mm > 10 mm > 2 mm > 4 mm
> 7 mm > 5 mm > 6 mm > 8 mm in descending order according to the Ph removal rate;
3 mm MBCQ had the highest Ph removal rate (96.10%), followed by 9 mm MBCQ (95.34%).
This may be related to the fact that MBCQ, with a particle size of 3 mm, has a suitable
specific surface area and pore structure, which can provide more contact interfaces between
the adsorbent and the adsorbate [27].
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The Freundlich and Langmuir models were used to fit the adsorption data for nine
particle sizes of MBCQ, the results of which are shown in Table 2. The adsorption mecha-
nism can be preliminarily determined according to the applicable conditions of the two
adsorption isotherms. The goodness of fit of the model to the adsorption data of different
particle sizes of MBCQ was higher than the goodness of fit of the Freundlich model, which
indicates that the surface adsorption of Ph on MBCQ was dominated by chemisorption, and
the Langmuir model was more suitable to describe the process. The qm of different particle
sizes ranged from 10.735~14.752 mg/g, with the highest qm value obtained for 3-millimeter
MBCQ (14.752 mg/g), followed by 9-millimeter MBCQ (13.946 mg/g). This was similar
to the pattern of KL differences at each particle size, which indicates that the particle sizes
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3 mm and 9 mm showed the largest increase in adsorption capacity after granulation. The
n value of the Freundlich model was less than 1, which indicated that chemical adsorption
was dominant, whereas an n value >1 indicated that physical adsorption was dominant.
The n values of different particle sizes ranged from 3.378 to 5.128, all of which were >1. It
can be assumed that if Ph adsorption on the MBCQ surface occurred by Coulombic or van
der Waals force, physical adsorption was dominant. Therefore, Ph adsorption by MBCQ
was the result of a combination of physical and chemical adsorption processes.

Table 2. Estimated parameters of the traditional adsorption isotherm models.

MBCQ Particle
Size/(mm)

Langmuir Freundlich

qm KL R2 KF 1/n R2

2 12.193 0.203 0.983 5.701 0.233 0.962
3 14.752 0.294 0.973 6.634 0.296 0.984
4 11.235 0.192 0.972 5.654 0.225 0.959
5 10.908 0.093 0.981 5.062 0.215 0.973
6 10.889 0.086 0.973 4.973 0.203 0.959
7 11.324 0.205 0.956 5.467 0.229 0.962
8 10.735 0.077 0.987 5.748 0.195 0.961
9 13.946 0.260 0.984 5.934 0.249 0.953
10 12.849 0.237 0.963 8.786 0.230 0.966

Note: The data in the table are the average of three groups of experiments, and the error range is 1.4–6.9%.

3.3. Effect of Particle Size on the Breakthrough Curve

MBCQ, with excellent static adsorption performance and particle sizes of 3 mm and
9 mm, were selected as dynamic adsorption materials (in order of notation as MBCQ3,
then MBCQ9). Figure 4 demonstrates the adsorption penetration curves of Ph by MBCQ3
and MBCQ9 at an initial concentration of 5 mg/L, a column height of 10 cm, and a flow
rate of 3 mL/min. The penetration point times of MBCQ3 and MBCQ9 were 135 and 95
min, respectively, and the saturation point times were 345 and 295 min, respectively. This
shows that the smaller particle size penetration time points and saturation time points
were significantly delayed. The effects of the two particle sizes on the penetration curves
were further compared, as shown in Table 3. Compared with MBCQ9, the total adsorption
amount (Mad) of MBCQ3 was 9.18% higher, and the dynamic adsorption capacity (qexp)
was 7.55% higher. Compared with the static adsorption test, the dynamic adsorption test
better reflected the differences in the Ph removal performance between the two particle
sizes of MBCQ, which indicated that the Ph adsorption of MBCQ with a particle size
of 3 mm was more rapid and effective. MBCQ3 also had a shorter mass transfer zone
length than MBCQ9, which indicated that MBCQ3 has less mass transfer resistance and
higher adsorbent utilization. MBCQ3 is simple to prepare, provides a low-cost alternative,
and achieves an excellent adsorption effect. Further study of its dynamic adsorption
characteristics under different conditions can provide basic data for future industrial
applications [34].

3.4. Effect of Initial Phosphate Concentration on the Penetration Curve

Figure 5 shows the adsorption penetration curves of Ph by MBCQ3 at a column
height of 10 cm, flow rate of 3 mL/min, and initial Ph concentrations of 5 mg/L, 10 mg/L,
15 mg/L. As can be seen from the figure, the slope of the curve increases sharply with
the increase of the initial Ph concentration. The penetration time decreases from 130 min
to 70 min and 35 min, and the saturation time decreases from 355 min to 225 min and
185 min. This was due to the fact that as the Ph concentration increases, the internal driving
force increases, the mass transfer rate is accelerated, and MBCQ3 does not have sufficient
contact with Ph [35]. Thus, there were shortened penetration and saturation times, a lower
utilization rate of the adsorption column, and a lower Ph removal effect.



Water 2022, 14, 508 8 of 16

Water 2022, 14, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 4. Effects of MBCQ with two particle sizes on the breakthrough curves. 

Table 3. Effects of MBCQ with two particle sizes on breakthrough time and mass transfer zone 
length. 

Note: The data in the table are the average of three groups of experiments, and the error range is 
0.52%–5.7%. 

3.4. Effect of Initial Phosphate Concentration on the Penetration Curve 
Figure 5 shows the adsorption penetration curves of Ph by MBCQ3 at a column 

height of 10 cm, flow rate of 3 mL/min, and initial Ph concentrations of 5 mg/L, 10 mg/L, 
15 mg/L. As can be seen from the figure, the slope of the curve increases sharply with the 
increase of the initial Ph concentration. The penetration time decreases from 130 min to 70 
min and 35 min, and the saturation time decreases from 355 min to 225 min and 185 min. 
This was due to the fact that as the Ph concentration increases, the internal driving force 
increases, the mass transfer rate is accelerated, and MBCQ3 does not have sufficient con-
tact with Ph [35]. Thus, there were shortened penetration and saturation times, a lower 
utilization rate of the adsorption column, and a lower Ph removal effect. 

 
Figure 5. Effects of the initial Ph concentration on breakthrough curves. 

Particle Size 
/(mm) 

Tb 

/(min) 
Te 

/(min) 
Mad 

/(mg) 
Qexp 

/(mg/g) 
H 

/(cm) 
Δtb 

/(min) 
Δte 

/(min) 
ΔMad 

/(mg) 
Δqexp 

/(mg/g) 
ΔH 

/(cm) 
3 135 345 9.374 3.901 9.942 

40 50 0.788 0.274 −1.814 9 95 295 8.586 3.627 11.756 

Figure 4. Effects of MBCQ with two particle sizes on the breakthrough curves.

Table 3. Effects of MBCQ with two particle sizes on breakthrough time and mass transfer zone length.

Particle Size
/(mm)

Tb
/(min)

Te
/(min)

Mad
/(mg)

Qexp
/(mg/g)

H
/(cm)

∆tb
/(min)

∆te
/(min)

∆Mad
/(mg)

∆qexp
/(mg/g)

∆H/
(cm)

3 135 345 9.374 3.901 9.942
40 50 0.788 0.274 −1.8149 95 295 8.586 3.627 11.756

Note: The data in the table are the average of three groups of experiments, and the error range is 0.52–5.7%.
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3.5. Effect of Flow Rate on the Breakthrough Curve

Figure 6 illustrates that the breakthrough curves of Ph adsorption by MBCQ3 were
measured at an initial Ph concentration of 10 mg/L, column height of 10 cm, and flow rates
of 1.5, 3, and 4.5 mL/min. As the inlet flow rate increased, the shape of the penetration
curve gradually became steeper and the penetration and saturation times shorter. When
the flow rate was 1.5, 3, and 4.5 mL/min, the adsorption penetration time decreased from
120 min to 70 min and 50 min; and the adsorption saturation time decreased from 320 min
to 230 min and 130 min. The increase in influent flow rate reduces the contact time between
Ph and MBCQ, resulting in an insufficient time for Ph to undergo membrane diffusion and
intraparticle diffusion [36]. The MBCQ utilization rate decreased with the increase of the
mass transfer zone length. The use cycle and treatment effect of the adsorption column
were affected by the flow rate. How to control the flow rate of adsorbent to fully exploit the
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role of the adsorbent under the premise of ensuring optimal water yield is an important
parameter to consider in the practical application of an adsorption column [36].
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3.6. Effect of Column Height on the Breakthrough Curve

Figure 7 shows the effect of column height on the penetration curve for an initial Ph
concentration of 10 mg/L and a flow rate of 3 mL/min. When the column height was
5 cm, 10 cm, and 15 cm, the breakthrough time of MBCQ was 45 min, 65 min, and 115 min,
respectively, and the saturation point time was 175 min, 230 min, and 315 min, respectively.
It can be seen that with the increase of column height, the breakthrough point time and
saturation point time were evidently prolonged. The increase of the adsorption column
height meant there was an increase of adsorbent and adsorption sites, which prolonged
the contact time between adsorbent Ph and MBCQ, increased the adsorption capacity of
MBCQ, and thus improved its adsorption effects [37]. However, the change of column
height had little influence on the shape of the breakthrough curve and length of the mass
transfer zone, which may have been related to the diffusion rate of mass transfer and
adsorption equilibrium.
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3.7. Analysis of the Influence of Different Factors on the Breakthrough Curve

Ph adsorption by MBCQ3 is influenced by the initial Ph concentration, flow rate,
and column height. The degree of influence was measured as the ratio of mass transfer
zone length (H) and breakthrough time (tb) to the amount of variation of different factors;
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i.e., |∆H/∆x| and |∆tb/∆x|, the results of which are shown in Table 4. According to
MBCQ3 at the initial phosphorus concentration, flow velocity, column height, and the
factors influencing the particle sizes of the four conditions of |∆H/∆x| and |∆tb/∆x|
value, the change of flow velocity had the greatest influence on the length of mass transfer
zone and the penetration time, and the initial phosphorus concentration had the second
greatest influence. Column height and particle size had little effect on the length of mass
transfer zone and penetration time.

Table 4. Effects of different conditions on the breakthrough curve.

Factors x H (cm) tb (min) ∆x ∆H/(cm) ∆tb/(min) |∆tb/∆x| |∆H/∆x|

Initial concentration
/(mL/L)

5 9.942 130
10 16.110 −85 8.500 1.61110 17.861 65

15 26.052 45

Flow rate
/(mL/min)

1.5 8.874 110
3 14.699 −70 23.333 4.9003 17.861 65

4.5 23.573 40

Adsorption column height
/(cm)

5 19.062 35
10 −3.487 80 8.000 0.34910 17.861 65

15 15.749 115

Particle size
/(mm)

3 9.942 130 6 1.814 −35 5.833 0.3029 11.756 95

Note: The data in the table are the average of three groups of experiments, and the error range is 1.2–4.8%.

3.8. Fit of the BDST Model to the Breakthrough Curve

To further analyze the relationship between column height z and adsorption time t
under the conditions of an initial Ph concentration of 10 mg·min−1, flow rate of 3 mL/min,
and adsorption column height of 5 cm, 10 cm, and 15 cm, the corresponding time when
ct/c0b = 0.3, 0.6, and 0.8 was measured, and the linear fitting curve of the BDST model was
plotted as shown in Figure 8 and Table 5. The relationships between the adsorption column
height z, different ct/c0, and time t were: t0.8 = 12.963z + 31.969, t0.6 = 9.503z + 23.132,
t0.3 = 8.563z + 6.236, which had the correlation coefficient R2 > 0.95. This indicates that the
BDST model can better describe the dynamic adsorption process of MBCQ, and the BDST
model can be used to predict the Ph penetration characteristics in MBCQ under different
operating conditions.
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Table 5. BDST parameters for different conditions.

ct/c0
Q

/(mL/min)
C0

/(mg/L) a a′ b b′ Projections
t/(min)

Actual Measurement
t/(min)

Relative
Error/(%)

0.3 1.5 10 8.52 17.05 6.24 6.24 176.70 170 3.94
0.3 4.5 10 8.52 5.68 6.24 6.24 63.06 55 14.65
0.3 3 5 8.52 17.05 6.24 3.12 173.58 165 5.20
0.3 3 10 8.52 8.52 6.24 6.24 91.47 85 7.61
0.3 3 15 8.52 4.26 6.24 12.47 55.10 65 15.24

0.6 1.5 10 9.50 19.01 23.13 23.13 213.19 205 4.00
0.6 4.5 10 9.50 6.34 23.13 23.13 86.48 80 8.10
0.6 3 5 9.50 19.01 23.13 11.57 201.63 200 0.81
0.6 3 10 9.50 9.50 23.13 23.13 118.16 125 5.47
0.6 3 15 9.50 4.25 23.13 46.26 88.78 95 6.54

0.8 1.5 10 12.96 25.93 31.97 31.97 291.23 265 9.90
0.8 4.5 10 12.96 8.64 31.97 31.97 118.39 100 18.39
0.8 3 5 12.96 25.93 31.97 15.99 275.25 260 5.86
0.8 3 10 12.96 12.96 31.97 31.97 161.60 170 4.94
0.8 3 15 12.96 6.48 31.97 63.94 128.76 110 17.05

Note: The data in the table are the average of three groups of experiments, and the error range is 0.2–5.3%.

As can be seen from Table 4, when ct/c0 is 0.3, 0.6, and 0.8, the average relative errors
are 9.33%, 4.99%, and 11.33%, respectively, which indicates that the column height has less
influence on the penetration curve and the BDST model can predict its penetration time
better. The BDST model has the best-predicted fit to the penetration curve when ct/c0 is
close to 0.6. The reason for this may be that during the initial stage, the measured t-value
is small, and the relative error will be large under the same condition of absolute error. It
is also possible that the BDST model was established based on the premise of ignoring
internal diffusion and resistance between mass transfer. The difference in solid-liquid
concentration during the early stage of adsorption is large, and its internal diffusion process
cannot be ignored, which limits the BDST application and leads to a relatively large error of
ct/c0 = 0.3. When ct/c0 = 0.8, the measured t-values are smaller than the predicted t-values,
which may be due to the increase of the MBCQ desorption rate in the near saturation
state and the corresponding increase of the Ph concentration in the effluent [38]. When
ct/c0 = 0.6, the BDST model achieved the best predicted fit to the penetration curve, and the
predicted t-values were closer to the measured values. This may be due to the stabilization
of the adsorption column system at this time, which reduced the experimental error and
improved the model prediction accuracy [39].

3.9. Fitting of the Thomas Model Breakthrough Curve

The Thomas model is based on the Langmuir equation, which assumes the absence of
axial diffusion. According to the results of the static adsorption experiments, the Langmuir
model fit the MBCQ adsorption process well (R2 > 0.97), thus indicating that the dynamic
adsorption behavior of MBCQ on Ph met the conditions for the application of the Thomas
model. As shown in Table 6, the measured values of adsorption and the model predictions
fit well (R2 > 0.95), which indicated that the Thomas model better described the dynamic
adsorption process of Ph by MBCQ. It can also be tentatively assumed from the Thomas
model assumptions that diffusion is not a rate-limiting step for dynamic Ph uptake by
MBCQ. As the initial concentration increases, the adsorption density (qexp) increased and
the rate constant Kth decreased. This was because the increase in initial concentration
increased the concentration difference between solid and liquid, which enhanced the mass
transfer zone driving force and boosted the adsorption capacity of the system. As the
flow rate increased, the rate constant increased and adsorption density decreased, and
the contact time between the adsorbent and adsorbent mass was not sufficient, which
resulted in a decrease in the adsorption amount. The adsorption density and rate constant
increased with the increase of column height. This may have been attributed to the increase
of column height, which increased the amount of adsorbent and prolonged adsorption
time [40] so that the adsorbent and adsorbate had more time and points to fully combine,
thus enhancing the adsorption efficiency. As can be seen in Table 6, different factors have
an effect on the dynamic adsorption behavior of the adsorption column, although there is
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a difference in this effect. Therefore, to obtain the desired removal effect, the adsorption
performance and related parameters of the adsorption column need to be studied first
in practice.

Table 6. Thomas parameters for different conditions.

Project Initial Concentration/(mg/L) Flow Rate/(mL/min) Column Height/(cm)

5 10 15 1.5 3 4.5 5 10 15

Initial concentration/(mg/L) — — — 10 10 10 10 10 10
Flow Rate/(mL/min) 3 3 3 — — — 3 3 3
Column height/(cm) 10 10 10 10 10 10 — — —
Kth/[mL/(min·mg)] 1.054 0.853 0.613 0.695 0.853 1.232 0.719 0.853 0.921

qcal/(mg/g) 5.083 7.146 8.143 8.084 7.146 6.135 6.465 7.146 9.125
qexp/(mg/g) 3.901 5.581 5.972 7.743 5.581 4.561 4.337 5.581 7.947

R2 0.988 0.979 0.974 0.973 0.979 0.954 0.963 0.979 0.958

Note: The data in the table are the average of three groups of experiments, and the error range is 0.32–3.95%.

3.10. Characterization of the MBCQ

The optical and SEM images of MBCQ are shown in Figure 9. The surface of MBCQ
is rich in pore structure, which can provide more adsorption sites for MBCQ. According
to the qualitative and semi-quantitative analysis of elements by EDS spectrum, the main
elements of MBCQ are C, N, O and Mg.
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The N2 adsorption/desorption isotherms and BJH pore size distributions of the
MBCQ3 are shown in Figure 10, and BET-specific surface area and pore characteristics
data are presented in Table 7. The N2 adsorption–desorption isotherm of MBCQ belongs
to the typical type IV. Due to the existence of mesopores, the capillary condensation of
MBCQ occurs in the adsorption process, resulting in the desorption hysteresis loop. The
specific surface area of MBCQ is 266.423 m2/g, the total pore volume is 0.614 cm3/g, and
the pore diameter is mainly 2–5 nm, followed by 5–10 nm and 30–60 nm, with an average
pore diameter of 7.956 nm. A large specific surface area and abundant pore structure can
provide good adsorption conditions for MBCQ [28].
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Figure 10. N2 adsorption-desorption isotherms of MBCQ3, pore size distribution diagram of MBCQ.

Table 7. BET specific surface area and pore characteristics of MBCQ.

Material
Specific Surface

Area/(m2/g)
Mean Pore
Size/(nm)

Total Pore
Volume/(cm3/g)

Microporous Pore
Volume/(cm3/g)

Micropore Specific
Area/(m3/g)

External Surface
Area/(m2/g)

MBCQ 266.423 7.956 0.614 0.0131 70.423 196.233

The X-ray diffraction pattern of MBCQ before and after phosphorus adsorption
(Figure 11) clearly demonstrates that the surface crystal characteristics of MBCQ did not
change significantly after the adsorption reaction, but both had significant MgO crystal
structure—except that the peak strength was slightly decreased after adsorption, which
might be due to the formation of the complex between phosphorus and the functional
groups in MBCQ. In general, the adsorption peaks of MBCQ were less, which meant that
MBCQ had good amorphous property. Studies have shown that the low crystallinity of the
material facilitates the diffusion of ions into the material, thus improving the adsorption
force of the material [41].
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structure—except that the peak strength was slightly decreased after adsorption, which 
might be due to the formation of the complex between phosphorus and the functional 
groups in MBCQ. In general, the adsorption peaks of MBCQ were less, which meant that 
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the material facilitates the diffusion of ions into the material, thus improving the adsorp-
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Figure 11. XRD diagram of MBCQ before and after phosphorus adsorption.

4. Conclusions

The static adsorption data show that MBCQ is effective in Ph removal. The Freundlich
and Langmuir models can both describe its adsorption process better, which indicates
that Ph absorption by MBCQ is the joint result of physical and chemical adsorption. The
static adsorption performance varied among particle sizes, with MBCQ3 having a relatively
optimal Ph removal power of 96.1% and qm of 14.752 mg/g.

In the adsorption column experiment, the length of the mass transfer zone increased,
and the penetration time decreased as the initial Ph concentration and flow rate increased;
the length of the mass transfer zone decreased slightly, and the penetration time was
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postponed as the column height increased. The penetration experiments of MBCQ3 and
MBCQ9 showed that the penetration time of the smaller particle size was delayed, and
the length of the mass transfer zone was reduced. The effects of particle size, initial Ph
concentration, flow rate, and column height on the penetration time and mass transfer
zone length were as follows: flow rate > initial Ph concentration > column height > particle
size, respectively.

The BDST model can better fit the dynamic adsorption process of MBCQ (R2 > 0.95).
When ct/c0 = 0.6, the average value of relative error between predicted and measured values
was the lowest, especially at the initial concentration of 5 mg/L and flow rate of 3 mL/min,
as the relative error value was only 0.81%. The fit between the predicted and measured
values of the Thomas model was higher than 0.95, which indicated that the Thomas model
can better describe the dynamic adsorption behavior of MBCQ on Ph, while diffusion is
not the rate-limiting step of its adsorption process.

The characterization data show that MBCQ has a rich pore structure and good amor-
phous characteristics, with a specific surface area of 266.423 m2/g and pore size of 2–5 nm.
These physical characteristics can provide good conditions for MBCQ adsorption.
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