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Abstract: This study investigated the adsorption performance of hydrothermal carbon derived from
banana peel and modified with different concentrations of phosphoric acid solution, then used to
adsorb lead ions in an aqueous solution. The surface structure and functional groups of the modified
hydrothermal carbon were analyzed using XRD, SEM, FT-IR, elemental analysis, and BET. The results
showed that the adsorption capacity of modified hydrothermal carbon derived from banana peel
reached 40.64 mg/g at a hydrothermal temperature of 240 °C, a phosphoric acid solution of 2 mol/L,
and a solid-liquid ratio of 2 g/L, with a removal efficiency of 82.74%. The adsorption process
conformed to the pseudo-second-order kinetic model and the Langmuir isotherm equation. The
correlation coefficient of 0.99 for fitting the adsorption process using an artificial neural network,
indicating that the artificial neural network could be used to predict adsorption. The adsorption of
Pb(II) from an aqueous solution by phosphoric acid-modified hydrothermal carbon was dominated
by monolayer chemical adsorption, and the adsorption mechanisms included electrostatic attraction,
ion exchange, surface complexation, and physical adsorption.
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1. Introduction

Heavy metals pose great hazards when they enter water bodies, with electroplating,
metallurgy, mining, the chemical industry, and processing being the main sources [1]. The
direct discharge of industrial wastewater containing heavy metals can greatly damage the
human body and destroy the ecological environment [2].

Currently, the most common treatment methods for removal of heavy metals in-
clude electroflocculation, electroflotation, chemical precipitation, ion exchange, membrane
filtration, photocatalysis, nanotechnology, and adsorption, amongst others [3-9]. By com-
parison, the technical cost and economic benefits are ranked in order: adsorption > ion
exchange > electroflotation > membrane filtration > electroflocculation > chemical precipita-
tion > photocatalysis > nanotechnology. Compared with other technologies, the adsorption
method has a wide range of applications and a simple preparation method; therefore, it
has many prospective applications [10].

High-temperature adiabatic carbonization and low-temperature hydrothermal car-
bonization are common methods for biomass carbonization [11], and there are many studies
focusing on the preparation of activated carbon with high adsorption performance [12].
The hydrothermal carbonization process is simple [13], and the reacting raw materials do
not require drying treatment. The hydrothermal carbon thus prepared is widely used in
the adsorption and removal of pollutants [14]. The process of hydrothermal carboniza-
tion involves the dehydration and decarboxylation of the functional groups of substances,
resulting in an increased carbon content, higher carbon density, and better adsorption
performance of the reactants [15]. Additionally, hydrothermal carbon exhibits the high
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adsorption of lead and arsenic [16]. Bananas are the world’s fifth-largest crop and second-
largest fruit, accounting for about 16 percent of the total fruit production worldwide. With
the rapid industrialization of China, banana cultivation has been gradually industrialized,
and the output has increased rapidly [17], exceeding 12.1 million tons in 2022. Banana
peel, a by-product in the processing of banana products (food, beverages, and chemicals),
accounts for 30—40% of the total weight of bananas [18] and is a typical biomass waste.
Banana peel is an inexpensive adsorbent with a good adsorption capacity for many heavy
metals, such as lead, chromium, cadmium, copper, and zinc. However, the adsorption
capacity and removal efficiency of raw banana peels are limited. Studies have shown
that hydrothermal carbon with a high added value for heavy metal adsorption can be
obtained from banana peel using the hydrothermal method [19]. In a previous study, a
batch experiment removed Pb(II) through a derived powered adsorbent from the banana
peel. Parameters such as pH, dosage, time, and agitating speed were evaluated, and a max-
imum capacity of 2.18 mg/g was observed after adsorption [20]. The adsorption capacity
of lead (II) on biochar prepared from banana peel after acid treatment was increased to
20.97 mg/g [21]. Banana peel biochar was also modified and used to remove As(V), and
the maximum adsorption capacity was found to be 1.04 mg/g [22].

Modification is an effective means by which to change the surface activity of hy-
drothermal carbon in order to further improve its adsorption performance. There are few
studies on the surface modification of banana peel hydrothermal carbon done to improve
functional groups and promote surface affinity [23].

Based on this past work, this study attempts to prepare modified hydrothermal carbon
from banana peel as an adsorption material in a reaction kettle under different phosphoric
acid solutions at 240 °C. The aim of this work is to study the influence of hydrothermal
carbon on the removal of lead ions in solution under different phosphoric acid solutions, pH
values, solid-liquid ratios, and adsorption times and to analyze the surface morphology of
the hydrothermal carbon using XRD, SEM, FTIR, BET, and elemental analysis to investigate
the adsorption mechanism. This work aims to provide basic data and a theoretical basis
for the industrial application of the preparation of hydrothermal carbon modified by a
phosphoric acid solution to remove lead ions from solution.

2. Materials and Methods
2.1. Raw Materials

Banana peel was purchased from the food market in Taiyuan.

2.2. Reagents

The phosphoric acid (H3POy) used is an analytical-grade reagent from Shanghai
Maclean’s Biochemical Technology Co., Ltd. (Shanghai, China). The hydrochloric acid is of
analytical grade, and it was provided by China Pharmaceutical Group Chemical Reagent
Co., Ltd. (Shanghai, China). A total of 1000 mg/L of a lead standard solution was provided
by Shanghai Maclean’s Biochemical Technology Co., Ltd.

2.3. Experimental Methods
2.3.1. Preparation of Hydrothermal Carbon from Banana Peel

The banana peel purchased in the market was washed with tap water, placed in
a 105 °C drying oven to achieve a constant weight, and then crushed over an 80-mesh
standard sample screen. The hydrothermal carbonization process was carried out in an
N, atmosphere. The temperature rose from room temperature to 240 °C at 10 °C/min,
and the heat was maintained for 120 min. After it was allowed to cool naturally to room
temperature, the hydrothermal product was placed in a drying oven until a constant weight
was achieved. Then, secondary grinding was carried out to obtain hydrothermal carbon
made from banana peel with a particle size below 70 mesh. The hydrothermal carbon
prepared at 240 °C was labeled HTC240.
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2.3.2. Preparation of Phosphoric Acid-Modified Hydrothermal Carbon

Phosphoric acid solutions of different concentrations (1.0 mol/L, 1.5 mol/L, 2.0 mol/L,
and 3.0 mol/L) were mixed with banana peel, soaked in a constant-temperature water
bath oscillator (45 °C, 200 rpm) for 6 h, and then placed in a hydrothermal reactor for
hydrothermal carbonization under Nj. The temperature rose from room temperature to
240 °C at 10 °C/min, and the heat was maintained for 120 min. After it was allowed to
cool naturally to room temperature, the hydrothermal product was placed in a drying
oven until a constant weight was achieved. Secondary grinding was then carried out to
obtain modified hydrothermal carbon with a particle size below 70 mesh. The prepared
hydrothermal carbons were labeled P-HTC-1.0, P-HTC-1.5, P-HTC-2.0, and P-HTC-3.0,
respectively, according to the concentration of the modified phosphoric acid solution.

2.3.3. Adsorption Experiment

Ultra-pure water was added to the lead standard liquid. Then, it was diluted into
50 mg/L, 100 mg/L, 400 mg/L, and other lead-ion reserve liquids. A specific amount of
hydrothermal carbon was added to the lead solution, aiming to maintain a specific solid-to-
liquid ratio, and then the adsorption experiment was carried out in a constant-temperature
water-bath oscillator. After shaking, the supernatant was allowed to stand, then 10 mL was
removed from the centrifuge tube. After centrifugation, the absorbance of the supernatant
was measured by spectrophotometry. According to the standard curve generated for the
lead solution, the adsorption capacity and removal efficiency of hydrothermal carbon
were calculated according to Formulas (1) and (2). All the experiments were conducted in
triplicate, and the results presented are the average values of the three experiments.

e = ((CO - Ce,t) X V)/m (1)

i1 = (Co — Cex)/Co x 100% 2

where g is the adsorption capacity, mg/g; # is the removal rate as a %; Cy and Ce are,
respectively, the initial and post-adsorption concentrations of the lead solution in mg/L; V
is the volume of the solution in L; and m is the mass of modified hydrothermal carbon in g.

2.3.4. Experimental Equipment

The pH value of the solution was determined using a PHSJ-3F pH meter (precision
0.1, Shanghai Yidian Scientific Instrument Co., Ltd. (Shanghai, China)). The concentration
of lead in the solution was determined using a P4 UV-visible spectrophotometer (Shanghai
Meppan Instrument Co., Ltd. (Shanghai, China)). A TESCANMIRALMS scanning electron
microscope (Tesken (China) Co., Ltd. (Shanghai, China)) was used to obtain the surface
morphology of the hydrothermal carbon before and after modification. The accelerated
voltage was 10 kV. The properties of the hydrothermal carbon surface before and after
modification were analyzed using an Empyrean X-ray diffractometer (Malvern Instruments
China Co., Ltd. (Shanghai, China)). The pore structure of the hydrothermal carbon was
measured by BET using a Micromeritics ASAP 2460 automated specific surface and porosity
analyzer. The elemental content of the hydrothermal carbon was determined using an
elemental analyzer (Elementar Vario EL). The main functional groups of the Fourier trans-
form were obtained from the samples collected by the Nicolet IS20 infrared spectrometer
(Somerset Fisher Technology (China) Co., Ltd. (Shanghai, China)) to further determine the
material’s structure.

3. Results
3.1. Surface Structure and Properties of Hydrothermal Carbon before and after Modification
3.1.1. SEM Analysis

Figure 1 shows the SEM images of hydrothermal carbon before and after modification.
As can be seen from Figure la, the surface of the unmodified hydrothermal carbon is
smooth, and there are fewer carbon microspheres compared to the modified structure. As
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shown in Figure 1b, many carbon microspheres of different sizes are present on the surface
of the modified hydrothermal carbon. The smaller carbon particles are more numerous,
and their diameters are only tens of nanometers. Thus, surface pores are formed [24]. Many
gases, such as CO; and CHy, are generated. These gases change the structure of the carbon
skeleton and form pores of different sizes and structures [25].

(a) HTC240

140 pm 299 mm

In-Beam SE 5keV.

(e) P-HTC-3.0

Figure 1. SEM diagram of hydrothermal carbon surface before and after phosphoric acid modification.

As shown in Figure 1c, when the phosphoric acid concentration is increased to
1.5 mol/L, the surface microspheres are larger and most microspheres measure 2-3 pm in
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diameter. As shown in Figure 1d, with the increase in the phosphoric acid concentration,
the etching in the hydrothermal reaction gradually increases, the surface of the hydrother-
mal carbon becomes rough and uneven, and the surface porosity increases. As shown in
Figure 1e, as the concentration continues to increase, the size of the surface pores decreases.
It is deduced that the internal pore structure of hydrothermal carbon begins to collapse and
that the structure begins to be destroyed. This change occurs due to the fact that the high
concentration of phosphoric acid causes insoluble fatty acids to adhere to the hydrothermal
carbon, so a large number of hydrothermal carbons are unable to participate in the reaction.
The change may also be caused by the extensive destruction of the pore structure caused
by a large amount of gas.

3.1.2. FT-IR Analysis

Figure 2 shows the FI-IR diagram of the hydrothermal carbon before and after modifi-
cation. It can be seen from the figure that most of the functional groups that are present on
the surface of the modified hydrothermal carbon before modification are retained, but there
are also vibration peaks in different positions after modification. In the functional-group
region, the vibration peaks on the surface of the hydrothermal carbon at 2921 cm~! and
2851 cm ! before and after modification are attributed to aliphatic C-H stretching vibration.
There are no obvious absorption peaks attributable to triple-bonded compounds appearing
in the range of 2500~2000 cm~!. The absorption peak at 1719 cm~! is the result of the
vibration of the C=0 in carboxyl groups, aldehydes, ketones, and esters. The vibrational
peak of C-O/C-O-C at 1000 cm ! indicates that the hydrothermal carbon surface contains a
large number of oxygen-containing functional groups. Most of these groups are hydrophilic
functional groups, which are conducive to the dispersion of hydrothermal carbon in aque-
ous solutions and provide more active sites for chemical reactions [26]. The vibration of
C=C at 1650 cm~! may be attributed to the formation of carbon—carbon single and double
bonds in small molecules generated by hydrolysis during hydrothermal reactions that occur
during dehydration, condensation, and aromatization, which in turn generate aromatic
compounds [27].

—— HTC240 —— P-HTC-1.0 —— P-HTC-1.5 —— P-HTC-2.0 P-HTC-3.0

C=C c-0/Cc-0-C
C=0 !

Transmission rate/%

Wavenumber/cm’!
Figure 2. FT—IR diagram of hydrothermal carbon before and after phosphoric acid modification.

With the increase in concentration of the phosphoric acid solution, the C=C, C=0
and O/C or C-O-C stretching vibration first increased and then decreased. The maximum
stretching vibration, which was achieved at a phosphoric acid concentration of 2 mol/L,
was significantly stronger than that of the unmodified hydrothermal carbon. This result
indicates that a large number of oxygen-containing functional groups were added to the
surface of the modified hydrothermal carbon. This change significantly increases the
adsorption of Pb(Il) and is one of the most important reasons why hydrothermal carbon
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can act as an adsorbent. A strong stretching vibration peak appears at 1100 cm ! for the
unmodified material, but it does not appear on the surface of the modified hydrothermal
carbon. This peak is identified as the characteristic peak of P-O, indicating that there are
more phosphoric acid ions on the surface of the modified hydrothermal carbon. These ions
can react with Pb(Il) and improve the rate of lead removal [28].

3.1.3. XRD Analysis

Figure 3 shows the XRD pattern of the hydrothermal carbon surface before and after
modification. As can be seen from the figure, the positions of the peaks remain roughly
the same, with characteristic peaks at 28.3°, 40.5°, and 50.2°. When the diffraction angle
is about 22.3° or 22.5°, the corresponding peak belongs to the characteristic peak No. 002
of graphite, indicating that with an increase in the phosphoric acid concentration, the
width of the peak gradually increases and the carbonization degree of hydrothermal carbon
increases [29]. The appearance of this peak also indicates that the hydrothermal carbon
before and after modification is in the form of amorphous carbon, which is suitable for use
as adsorbent material [30].

—— HTC240 —— P-HTC-1.0 —— P-HTC-1.5 —— P-HTC-2.0 P-HTC-3.0
= Q02>
z
o L Pan
=

S\

10 20 30 40 50 60 70 80
Diffraction angle26/°

Figure 3. XRD patterns of unmodified hydrothermal carbon and phosphoric acid-modified hydrother-
mal carbon.

3.1.4. BET Analysis

The specific surface areas of the hydrothermal carbons are shown in Table 1, and the
specific surface area of the biomass char was calculated using the BET method. As can be
seen from Table 1, after phosphoric-acid activation, the specific surface area of the activated
char material decreased and the pore volume and average pore size increased, indicating
that phosphoric acid played a pore-making role.

Table 1. Pore-structure parameters of modified hydrothermal carbon.

BET Surface Area Total Pore Volume Average Pore Size
/(m?.g—1) /(cm3-g—1) /nam
HTC240 7.3709 0.0263 14.2607
P-HTC-2.0 4.6823 0.0339 28.9693

Figure 4 shows the adsorption/desorption curves of hydrothermally treated carbon
material derived from banana peel (HTC240) and phosphoric acid-activated carbon material
derived from banana peel (P-HTC-2.0). The main reason for the increase in pore space and
pore size is that the activation effect of treatment with the phosphoric acid solution during
hydrothermal treatment promotes adsorption. However, the corrosive nature of the acid
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may also lead to the collapse and interconnection of the pore structure of the hydrothermal
carbon, resulting in a decrease in its specific surface area.

(s~
141

—a— P-HTC-2.0 —e— HTC

0o
(=}
I

Volume Adsorbed (cm3/_g STP)

%21
1

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P,)
Figure 4. Nitrogen adsorption/desorption curves.

3.1.5. Elemental Analysis

The content of major elements (C, H, O, and N) in the hydrothermal carbon was
determined using an elemental analyzer, and the detailed data are shown in Table 2. From
the table, it can be seen that the C content of the phosphoric acid-modified hydrothermal
carbon decreased slightly, which may be attributed to the fact that treatment with phos-
phoric acid intensifies the erosion of the carbon structure at high temperatures. It has
been shown that phosphoric acid decomposes at high temperatures to produce volatile
phosphorus compounds and can oxidize carbon to carbon monoxide, leading to carbon
loss. In addition, the O content of the phosphoric acid-modified hydrothermal carbon was
higher than that of the unmodified hydrothermal carbon, suggesting that the phosphoric
acid modification increased the number of oxygen-containing functional groups on the
hydrothermal carbon.

Table 2. Content of C, H, O, and N in hydrothermal carbon.

Cl/% H/% N/% O/%
HTC240 69.688 6.229 3.107 15.730
P-HTC-2.0 67.622 6.604 2.847 16.899

3.2. Analysis of the Adsorption Performance of Lead lons by Modified Hydrothermal Carbon
3.2.1. Influence of Phosphoric Acid Concentration on Lead Adsorption by Hydrothermal
Carbon

The experimental conditions were as follows: an adsorption temperature of 25 °C,
an initial concentration of lead ions of 50 mg/L, and a solid-liquid ratio of 1 g/L. The
experiments were carried out until the adsorption reached equilibrium. The adsorption
experiments were carried out on hydrothermal carbon modified using different phosphoric
acid solutions. Formulas (1) and (2) were used to calculate the adsorption capacity and
yield of the hydrothermal carbon. The calculated results are detailed in Figure 5.
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Figure 5. Effect of different phosphoric acid concentrations on adsorption by hydrothermal carbon.

As can be seen from Figure 5, the efficiency of lead removal by modified hydrothermal
carbon increases with the increase in the phosphoric acid concentration, and the overall
trend shows an initial increase and then stabilization. When the phosphoric acid concen-
tration is 3.0 mol/L, the adsorption capacity of modified hydrothermal carbon reaches
40.65 mg/g, and the removal rate is 81.84%. Compared with the adsorption capacity of
15.32 mg/g and the removal rate of 30.64% before modification, these values increased by
2.6 and 2.7 times, respectively. This change is related to the hydrolysis of cellulose and
hemicelluloses in banana peel by phosphoric acid, which results in the formation of many
chain molecules that combine with phosphoric acid ions and increase the number of active
groups on the surface of the hydrothermal carbon, thus promoting adsorption [31]. In view
of the large capacity for lead-ion adsorption of modified hydrothermal carbon generated
with an phosphoric acid concentration of 2.0 mol/L, that phosphoric acid concentration is
taken as the standard in the following adsorption experiments.

3.2.2. Influence of pH and pHpyzc Value on the Adsorption Effect of Lead Ion

A series of 50 mL conical flasks were filled with a 10 mL NaCl solution at a concen-
tration of 0.01 mol/L, and the initial pH of the solution was adjusted to be between 1 and
12. Then, 10 mg of modified material was added to the two groups of conical flasks for
comparison, and the pH value of the NaCl solution was determined after filtering out the
material after the reaction. The change in pH before and after oscillation was plotted by the
initial pH value of the solution. The intersection of the curve and the transverse axis is the
zero-potential point of the adsorbent, as shown in Figure 6.

The effects of the pH value on adsorption onto modified hydrothermal carbon are
shown in Figure 7. The experimental conditions were as follows: an adsorption temper-
ature of 25 °C, an initial concentration of lead ions of 50 mg/L, a solid-liquid ratio of
1 g/L, a2 mol/L concentration of the phosphoric acid solution, and a pH value of the
solution in the range of 2~7. The reactions were allowed to continue until the adsorption
reached equilibrium.

Figure 6 depicts the pHpzc value of the hydrothermal carbon, showing it as the point
where the curve intersects the horizontal axis, where the charge on the surface of the
material is zero. As the pH range used in this study was between 2 and 7 and was thus
always less than 8 (the pHpyc value of hydrothermal carbon), the surface charge of the
hydrothermal carbon in this study was obviously always positive.
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Figure 6. pHpzc of adsorbent.
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Figure 7. Effect of pH on adsorption of Pb(II) by modified hydrothermal carbon.

As can be seen from Figure 7, in the range of pH values from 2 to 6, the adsorption
capacity of modified hydrothermal carbon and the rate of Pb removal rapidly increase
with the increase in the solution pH value. When the pH was 6, the adsorption capacity
and removal rate reached their peaks, which were 41.37 mg/g and 82.74%, respectively.
When the pH of the solution was 2, the adsorption capacity and removal rate values were
lower, at 14.84 mg/g, 14.32 mg/g, and 27.68%, respectively. When the pH reached 7, the
adsorption capacity and removal rate began to decrease, indicating that the pH value has
an effect on the rate of lead removal. Lead ions exist in the following forms in solutions
with different pH values: Pb?*, Pb(OH)*, Pb(OH),, Pb(OH);~, Pb(OH)42~, Pby(OH)**,
and Pb3(OH)4%* [32]. When the concentration of H* in the solution is too high, lead ions
compete with H*. The higher the concentration of H*, the less competitive lead ions will be,
meaning they become unable to combine with the active site on the surface of hydrothermal
carbon. Such conditions are thus not conducive to the smooth process of adsorption. At
the same time, at a higher concentration of H*, the functional group is protonated [33],
resulting in a strong interaction between these positive charges and lead ions, which makes
adsorption difficult. The literature shows that there is a trade-off between Pb?* and H* in a
solution, and a series of displacement reactions may occur on the surface of hydrothermal
carbons. The specific equation is as follows:
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S-COOH + Pb*t — COOPb™ +H™ 3)
S-OH + Pb** — S-OPb*+H* (4)
S-COOH + Pb(OH)” — S-COOPb(OH)+H* (5)
S-OH + Pb(OH)" — S-OPb(OH) + H' (6)

3.2.3. Influence of the Solid-Liquid Ratio on Adsorption by Hydrothermal Carbon

The experimental conditions were as follows: an adsorption temperature of 25 °C, an
initial concentration of lead ions of 50 mg/L, a concentration of phosphoric acid solution of
2 mol/L, and a solid-liquid ratio in the range of 0.5~4 g/L. The reactions were allowed to
continue until the adsorption reached equilibrium. The adsorption results as a factor of the
solid-liquid ratio of the modified hydrothermal carbon are shown in Figure 8.

60 100
—e— de —m— 1
" : 80
40 F ]
. 4 60
"o X
;én 1 =
i; < 40
20 b
.
TTT— 120
0 " 1 L 1 M 1 M 1 0

0 1 2 3 4
Solid-liquid ratio /(g/L)

Figure 8. Effect of solid—liquid ratio on Pb(II) adsorption by hydrothermal carbon.

As can be seen from Figure 8, at a solid-liquid ratio in the range of 0.5~4 g/L, with an
increase in the solid-liquid ratio, the adsorption capacity of modified hydrothermal carbon
for lead gradually decreases. When the solid-liquid ratio was 0.5 g/L, the adsorption
capacity was 48.56 mg/g, and when the solid-liquid ratio was 4 g/L, the adsorption
capacity was 10.75 mg/g. The removal efficiency first increases and then tends to stabilize.
The peak removal rate of 83.25% occurs when the solid-liquid ratio is 1 g/L. This trend
is due to the rapid adsorption of lead by phosphate ions when the solid-liquid ratio is
low and these ions can quickly adsorb lead. With the increase in the solid-liquid ratio, the
number of active sites available for adsorption also increases; hydroxyl (—OH) and carboxyl
(—=COOH) come more easily into contact with Pb(II) and adsorption is enhanced. As the
solid-liquid ratio continues to increase, hydrothermal carbon agglomeration occurs [34],
so the active sites on the surface cannot be fully utilized. For that reason, the adsorption
capacity decreases; although the removal rate of heavy metals increases, the efficiency of
this system decreases.
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3.2.4. Analysis of Adsorption Performance and Kinetics as Functions of Adsorption Time

The experimental conditions were as follows: an adsorption temperature of 25 °C, an
initial concentration of lead ions of 50 mg/L, a solid-liquid ratio of 1 g/L, and a phosphoric
acid solution concentration of 2 mol/L. The adsorption was allowed to reach equilibrium,
and the adsorption time was 0-300 min. The influence of adsorption time on adsorption by
modified hydrothermal carbon is shown in Figure 9.

60 90

) /j/! 1
“.90 -
gﬂ - 460 S
S ? ]
20, /
eom
[ - 45
| ]
!
O 1 1 1 1 1 1 30
0 50 100 150 200 250 300 350

t/min

Figure 9. Effect of adsorption time on adsorption of Pb(II) by hydrothermal carbon.

As can be seen from Figure 9, with the increase in adsorption time, the adsorption
capacity of modified hydrothermal carbon first increased and then tended to stabilize. After
250 min, the adsorption capacity of hydrothermal carbon for lead ions essentially stopped
changing, having reached 81.66%. These results show that P-HTC adsorption occurred
mainly in the first 60 min. This result is mainly due to the fact that in the initial stage of
adsorption, the relative concentration of lead ions in the solution is high, there are many
unoccupied active sites, and there is a high chance that the adsorbent will collide with
the lead ions, making adsorption easy. After 180 min, with the decrease in the lead ion
concentration and the decrease in the number of available adsorption sites on the surface of
the modified hydrothermal carbon, the probability of collision is greatly reduced, reducing
the rate of adsorption [35].

To analyze the changes in the water/thermal char adsorption process over time and
provide evidence for the mechanism of adsorption, the first-order kinetics, the second-
order kinetics, and the Elovich three models were fitted. The model formulas are shown in
Equations (7)—(9). The experimental conditions were pH = 7, an adsorption time of 0-6 h, a
temperature of 25 °C, a solid-liquid ratio of 1 g/L, and an initial concentrationof 50 mg/L.

e = ge % [1 — exp(—ky x t)] (7)
qt:(kzxqezxt)/(l—i—kzxqext) 8)
g = (1/B) x In(a x B) + (1/B) x In(t) )

where g; is the adsorption capacity at time t, mg/g; ge is the equilibrium adsorption capacity,
mg/g; ki and k; are the rate constants, min~1; t is the reaction time, s; and & and B are the
adsorption and desorption rate constants mg/(g-min~2), respectively.

The above data were fitted using the quasi-first-order kinetics model (7), the quasi-
second-order kinetics model (8), and the Elovich model (9), and the fitting results are shown
in Figure 10 and Table 3.
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Figure 10. Kinetic analysis of adsorption by modified hydrothermal carbon.
Table 3. Table of kinetic adsorption correlation coefficient.
Adsorption Kinetic Parameters and Correlation Coefficients
ky Je hy R2
First-order kinetics 1/min mg/g mg/(min-g)
2.82 38.84 109.53 0.95
ky Je hy R2
Second-order kinetics g/(mg-min) mg/g mg/(min-g)
0.09 42.68 169.04 0.99
. o B - R?
Elovich 582.59 0.14 - 0.94

As can be seen from Table 3, the three kinetic fitting models can be ranked by their
coefficients of determination R? from low to high: the Elovich model, the quasi-first-order
kinetic model, and the quasi-second-order kinetic model. The correlation coefficient R
reaches 0.99 in the simulation of the experimental data by the quasi-second-order kinetic
model. The calculated maximum adsorption capacity of the modified hydrothermal carbon
(42.68 mg/g) was close to the actual adsorption capacity (41.26 mg/g), and the relative error
was 3.3%. The quasi-second-order kinetic model assumes that there is electron sharing or
electron transfer between the adsorbent and the adsorbent during the adsorption process
and that the adsorption rate depends mainly on chemisorption [36]. The adsorption of
Pb(II) by modified hydrothermal carbon is consistent with the quasi-second-order kinetic
model after fitting, which indicates that adsorption is limited by chemisorption and that
the process occurs mainly by chemisorption.

3.2.5. Analysis of Isothermal Adsorption by Modified Hydrothermal Carbon

Figure 11 shows data from an experiment with an adsorption time of 120 min, an
initial solution concentration of 0-500 mg/L, a solid-liquid ratio of 1 g/L, a modified
phosphoric acid concentration of 2 mol/L, and the change curve of the removal rate of
lead solution with different initial concentrations of modified hydrothermal carbon at
different adsorption temperatures. As can be seen from the figure, with the increase in
the initial concentration, the adsorption capacity of Pb(Il) by the modified hydrothermal
carbon increased rapidly and then stabilized, reflecting that the active sites on the surface
of the effluent hot carbon changed from an unsaturated state to a saturated state and finally
reached the adsorption limit and equilibrium. The adsorption capacity of hydrothermal
carbon was also different at different temperatures. With the increase in temperature, the
adsorption capacity of hydrothermal carbon gradually increased. It was found that the
increase in temperature enhanced the Brownian motion of molecules, increased the rate
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of effective collisions between Pb(Il) and surface active functional groups [37], and was
conducive to the molecules penetrating deeper into the internal pore structure, increasing
the adsorption capacity. Thus, the increase in temperature was conducive to the adsorption.
The isotherm-fitting results, combined with the kinetic-fitting results, showed that the
adsorption of Pb(Il) by modified hydrothermal carbon occurred by monolayer adsorption
and that there were mutual repulsive forces between adsorbed Pb(Il) ions. Thus, each free
Pb(II) ion had to find a new active site, which became increasingly difficult, resulting in a
slow increase in the adsorption rate. The final adsorption and desorption rates were the
same, as the reaction reached equilibrium.
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Figure 11. Thermodynamic analysis of modified hydrothermal carbon: (a) the Langmuir isotherm
model; (b) the Freundlich isotherm model

As can be seen from Table 4, when the temperature was 293 K, 303 K, and 313 K, the
coefficients of determination R? (0.94, 0.92, and 0.90, respectively) fitted by the Freundlich
isotherm model were all smaller than those from the Langmuir isotherm model (0.95, 0.97,
and 0.96, respectively). It can be seen that the best model fitting occurs at 303 K; below or
above 303 K, the fit was lower. The fitted maximum adsorption capacity (103.24 mg/g) in
the Langmuir model was closer to the actual maximum adsorption capacity (101.19 mg/g),
indicating that the Langmuir model is more suitable for describing the adsorption of Pb(II)
by modified hydrothermal carbon. The Langmuir model assumes that in a fixed container,
the adsorption capacity per unit area of the surface of the adsorbent is the same, and only

one layer of adsorbent can be adsorbed at the surface adsorption site, that is, monolayer
adsorption.

Table 4. Table of sorption isotherm parameters and correlation coefficients.

Isotherm Model Experlr_n'ental Parameters and Related Parameters
Conditions

T/K I(L/L~mg*1 qm/mg-g*1 R?
Langmuir 293 0.09 76.54 0.95
303 0.11 88.94 0.97
313 0.17 103.24 0.96

/K (mg/g(1/mg)1/n) 1 R

Freundlich 293 22.46 0.22 0.94
303 28.72 0.20 0.92

313 35.84 0.19 0.90

3.2.6. Artificial Neural Network Model

In this study, the Neural Net Fitting module in MATLAB was used to build the
artificial neural network structure, as shown in Figure 12, and the fitting results of the
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P-HTC adsorption data were simulated. In the models, P-HTC refers to phosphoric acid-
modified banana-skin hydrothermal charcoal. The input values were solution pH, initial
concentration, oscillation time, solid-liquid ratio, and temperature for the adsorption.
Corresponding to the target parameter in the table (the actual calculated value), the output
values are the adsorption capacity and removal rate; corresponding to the output parameter
in the table (the fitting value), the hidden layer is determined by the Kolmogorov theorem.

Hidden Output

Figure 12. Structure diagram of artificial neural network.

As shown in Figure 13, solid and dotted lines represent fitted and actual values and
small black circles represent input data values. The fitting results were divided into four
parts. The blue line in Figure 13a represents the ANN’s data fitting; 70% of the data were
input to train the model. The green line in Figure 13b represents the fitting line used to
verify the training results. Input 15% data value, the red line in Figure 13c represents the
fitting line of the test fitting data. Input 15% of the data value, the black lines in Figure 13d
represents all of the above data fitting results.
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Figure 13. ANN fitting diagram of Pb(II) adsorption experimental data.
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As can be seen from Figure 13, the fit of the training data, as measured by the R? value,
is 0.99, as are the R? values of the models with the data used for testing and verification,
indicating good fitting. After simulation in the artificial neural network, all the data were
exported and saved. The module automatically generated the code that can be used to
predict the adsorption capacity. Five variables were used as input values, and the code was
entered into the program and run.

Aq| = 1124l | 1000,

10
7] {10)

Ay = e =11 3009 (11)
n

where gp represents the adsorption capacity predicted by ANN in mg/g; ge represents the
concentration of adsorbent in solid phase at actual equilibrium in mg/g; | Al represents
the error between predicted adsorption capacity and actual adsorption capacity as a %;
j—represents the removal rate predicted by ANN as a %; 1 represents the removal rate of
actual adsorbent as a %; and | Az | represents the error between the predicted removal rate
and the actual removal rate as a %.

As shown in Table 5, one of the factors is selected as a variable, and the other four
factors remain unchanged. There are five factors in total, and so five conditions were tested.
It can be seen that the error rates for the adsorption capacity and the removal rate are not
more than 5%. There are fewer experimental datapoints for the pH and solid-liquid ratio,
resulting in a larger error after training; however, the overall predicted value is close to
the real value. This result shows that this method can be used to predict the adsorption,
avoid repeating many experiments, gain an understanding of adsorption by hydrothermal
carbon faster, and provide a theoretical reference for future applications of hydrothermal
carbon in industrial designs.

Table 5. ANN prediction and actual adsorption statistics.

Input Value Predicted Value Actual Value Error Value
. Solid-Liquid Initial
pH Temperature Time Ratio Concentration qr e qe i IAgl v
K min g/L mg/L mg/g % mg/g % % %
2 293 120 1 50 13.1 13.2 13.8 27.6 5 43
7 313 120 1 50 44.4 87.8 46.2 92.4 3.8 49
7 293 300 1 50 40.9 80.2 40.3 80.7 15 0.6
7 293 120 2 50 15.23 60.4 15.8 63.4 3.6 48
7 293 120 1 150 74.1 24.8 75.2 25.1 1.5 1.2

3.2.7. Mechanism of Pb(Il) Adsorption by Modified Hydrothermal Carbon

Figure 14 shows the mechanism of adsorption of Pb(Il) by hydrothermal carbon, di-
vided into four parts, as follows. The first mechanism is physical adsorption [38]: according
to SEM images of hydrothermal carbon, there are abundant pores and fold structures on its
surface. Such structures increase the van der Waals forces between molecules and enhance
physical adsorption. During adsorption, the number of available surface adsorption sites
decreases, and Pb(II) gradually begins to diffuse from the surface to the interior of the hole
to find new adsorption sites until equilibrium is reached. The second mechanism is electro-
static attraction [39]: according to the FT-IR diagram of hydrothermal carbon, its surface
contains a large number of oxygen-containing functional groups, such as —COO~, —OH™,
—CO~, and —NH?*, which are negatively charged due to deprotonation and will adsorb
Pb(II) by electrostatic attraction. The third mechanism is ion exchange: the unprotonated
acidic functional group and protonated delocalized 7 electron pair (-Crt-H30O") hydrogen
will be replaced by Pb(Il), and then H* will be analyzed to form polyatoms and Pb(II)
ion exchange adsorption. A -7t interaction may be involved in the adsorption process,
forming a m stacking structure and increasing ion exchange. The fourth mechanism is
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surface complexation: according to the FI-IR diagram, the surface of hydrothermal carbon
contains a large number of hydroxyl and carboxyl groups, and the lone-pair electrons of
hydroxyl and carbonyl groups [40] can be shared with Pb(II) such that the ion is adsorbed
onto the surface of the hydrothermal carbon.
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Figure 14. Schematic diagram of the mechanism of adsorption of Pb(Il) by hydrothermal carbon.

3.3. The Reusability of Hydrothermal Carbon

Considering the practical applications, if the adsorption material can be used repeat-
edly, the cost of sewage treatment can be effectively reduced. In order to study the cyclic
adsorption of Pb(II) onto hydrothermal carbon, the modified banana-peel hydrothermal
carbon was dried and desorbed after it had reached saturation adsorption under the opti-
mum adsorption conditions. Figure 15 shows the rate of Pb(II) removal for each cycle after
desorption in the HySO4 solution at a concentration of 0.1 mol/L. According to the figure,
after five cycles, the rate of Pb(Il) removal decreased slightly, from about 82.74% to 73.54%.
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Figure 15. Efficiency of Pb(II) removal by hydrothermal carbon over five cycles.
4. Conclusions

The physicochemical properties of banana peel modified by phosphoric acid were
studied using XRD, SEM, FTIR, BET, and elemental analyses. The effects of pH, adsorption
time, solid-liquid ratio, and initial concentration of phosphoric acid on the adsorption
of modified hydrothermal carbon were studied. The mechanism of Pb(Il) adsorption by
modified hydrothermal carbon was studied by means of adsorption thermodynamics and
kinetics simulation. The following conclusions were drawn:

There is a large carbon sphere particle in the modified hydrothermal carbon, with a
diameter of 2-3 um; the hydrothermal material is mainly composed of amorphous carbon,
and its surface contains a large number of oxygen-containing functional groups. These
groups are conducive to adsorption.

The adsorption experiments carried out on hydrothermal carbon modified with differ-
ent concentrations of phosphoric acid showed that the pH value, temperature, oscillation



Separations 2024, 11, 17 17 of 19

time, and initial concentration were positively correlated with the Pb(Il) adsorption capacity
of hydrothermal carbon modified with different concentrations of phosphoric acid, while
the increasing the solid-liquid ratio had the opposite effect.

The Langmuir model of the isotherm model is the most suitable of the tested models
for describing the thermodynamic process of Pb(II) adsorption by modified hydrothermal
carbon, indicating that the adsorption occurs mainly by monolayer chemisorption. Among
the tested models, the quasi-second-order kinetic model best describes the kinetic adsorp-
tion of Pb(II) by hydrothermal carbon, indicating that chemical adsorption is the main
process. The coefficient of determination for the artificial neural network fitting is R? = 0.99.

The mechanism of Pb(Il) adsorption onto hydrothermal carbon was investigated
by model fitting and characterization analysis and was found to include the following
four components: physical adsorption, electrostatic attraction, ion exchange, and surface
complexation. The presence of abundant pores and folded structures on the surface of the
hydrothermal carbon enhances physical adsorption; the functional groups are negatively
charged due to deprotonation and thus will adsorb Pb(II) by electrostatic attraction; H*
will be resolved to form polyatoms, which will lead to Pb(II) adsorption by ion exchange;
the surface of the hydrothermal carbon contains a large number of hydroxyl and carboxyl
groups; and the lone pairs of electrons of the hydroxyl and carbonyl groups can be shared
with Pb(II), which can thus be adsorbed on the surface of the hydrothermal carbon. The
hydroxyl and carbonyl groups can share the lone-pair electrons with Pb(II) and adsorb it
onto the surface of hydrothermal carbon.
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