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Abstract: Adopting banana peel as raw material, the adsorption properties of banana peel
hydrothermal carbon modified with KOH solution for lead ions in aqueous solution were studied.
The surface structure and functional groups of the modified hydrothermal carbon were analyzed
by XRD and SEM. The results showed that the banana peel hydrothermal carbon prepared from 0.5
mol/L KOH solution had large pores, and its adsorption capacity reached 42.92 mg/g at a pH value
of 6; When the concentration of KOH solution is 0.5 mol/L, the solid liquid ratio is 2 g/L, the
adsorption capacity reaches 21.39 mg/g, and the adsorption rate reaches 82.74%; When the
concentration of lead solution increased to 100 mg/L, the adsorption capacity of modified
hydrothermal carbon for lead ions decreased to 78.26%; The equilibrium adsorption time of lead ion
in solution on phosphoric acid modified hydrothermal carbon from banana peel was 250 minutes,
and the adsorption process met the quasi second order kinetic model and Freundlich isotherm
equation, with an equilibrium adsorption rate of 88.62%. The adsorption of lead ions in solution by
KOH modified hydrothermal carbon is mainly chemical physical adsorption.

Keywords: hydrothermal carbon; modified; adsorbent; lead ion; mechanism

1. Introduction

Heavy metals pose great hazards when they enter water bodies, with electroplating, metallurgy,
mining, chemical industry, and processing being the main sources 1. The direct discharge of
industrial wastewater containing heavy metals not only causes significant harm to human health but
also damages the ecological environment [2I.

Currently, the common methods for treating heavy metals include electrocoagulation,
electroflotation, chemical precipitation, ion exchange, membrane filtration, photocatalysis,
nanotechnology, and adsorption. Based on the comparison of technical costs and economic benefits,
the ranking is as follows: adsorption > ion exchange > electroflotation > membrane filtration >
electrocoagulation > chemical precipitation > photocatalysis > nanotechnology. Among them,
adsorption has advantages such as wide applicability and simple preparation method, and it has
great application prospects.

High-temperature pyrolysis and low-temperature hydrothermal carbonization are commonly
used methods for preparing activated carbon with high adsorption performancell. The hydrothermal
carbonization process is simple to operate, and the reaction materials do not require drying treatment.
The hydrothermal carbon produced is widely used for adsorption and removal of pollutantst. The
hydrothermal carbonization process involves the dehydration and decarboxylation of functional
groups, resulting in an increased carbon content and density, as well as enhanced adsorption
performancel®. At the same time, hydrothermal carbon displays high adsorption characteristics for
lead and arsenic 1.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Bananas, as the fifth largest crop and the second largest fruit in the world, account for about 16%
of the total fruit production. With the rapid growth of China's industrialization process, banana
cultivation is becoming increasingly industrialized, and its production has increased rapidly,
exceeding 12.1 million tons in 2022. Banana peels, as byproducts of banana processing in the food,
beverage, and chemical industries, account for 30-40% of the total weight of bananas!”l and are typical
biomass waste. The main problems faced by banana peels are low recovery efficiency and long-term
environmental pollution from landfilling. Studies have shown that the preparation of high-value
hydrothermal carbon from banana peels using hydrothermal method ! exhibits good adsorption
performance for lead and arsenicl®l. To further improve the adsorption performance of hydrothermal
carbon, modification is an effective method to modify the surface activity and affinity. However, few
studies have been conducted on the surface modification of banana peel hydrothermal carbon,
improving functional groups, and promoting surface affinity 1.

Based on this, the effect of different concentrations of KOH solution, pH value, solid-liquid ratio,
and adsorption time on the removal performance of lead ions in solution by hydrothermal carbon
modified with KOH solution at 240°C was studied. The surface morphology of the modified
hydrothermal carbon was analyzed by XRD and SEM to investigate the adsorption mechanism'!l.
This study aims to provide basic data and theoretical basis for the industrial application of KOH
solution modified hydrothermal carbon in removing lead ions from solution.

2. Materials and Methods

2.1. Raw Materials

Banana peel, purchased from Taiyuan City market.

2.2. Reagents

Potassium hydroxide (KOH), thymol blue (CsiHs:N20135), glacial acetic acid (CHsCOOH),
sodium acetate (CHsCOONa), all reagents mentioned are analytical grade and sourced from
Shanghai McClain Biochemical Technology Co., Ltd. Hydrochloric acid is analytical grade and
sourced from China Pharmaceutical Group Chemical Reagent Co., Ltd. 1000 mL lead standard
solution is sourced from Shanghai McClain Biochemical Technology Co., Ltd.

2.3. Experimental methods

2.3.1. Preparation of Banana Peel Hydrothermal Char

Wash the banana peel purchased from the market with tap water, dry it in a 105°C drying oven
until a constant weight is achieved, then crush it and pass it through an 80-mesh sieve. Place it in a
reaction vessel and perform hydrothermal carbonization under N:. Increase the temperature from
room temperature to 240°C at a rate of 10°C/min, and incubate for 120 min. Naturally cool to room
temperature, place the hydrothermal product in a drying oven until a constant weight is achieved,
grind it again, pass it through a 70-mesh sieve to obtain banana peel hydrothermal char.

2.3.2. Preparation of KOH-Modified Hydrothermal Char

Mix the prepared hydrothermal char (8+0.01 g) with different concentrations of KOH solution
(0.05 mol/L, 0.1 mol/L, 0.5 mol/L, 1.0 mol/L). After immersing in a thermostatic water bath shaker at
45°C and 200 rpm for 6 h, pour the solid-liquid mixture into a vacuum filtration device, rinse it
repeatedly with anhydrous ethanol and deionized water, collect the solid phase material, place it in
a constant temperature drying oven at 105°C for 12 h, grind it and pass it through a 70-mesh sieve,
and store it in a sealed bag for later use.

doi:10.20944/preprints202310.1887.v1
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2.3.3. Adsorption experiment

Add ultrapure water to the lead stock solution to prepare lead ion stock solutions of 50 mg/L,
100 mg/L, 400 mg/L, etc. Take a certain amount of hydrothermal char and add it to the lead solution
according to a certain solid-liquid ratio, then close the container and perform adsorption experiment
in a thermostatic water bath shaker. After shaking, let it settle, take 10 ml of the supernatant in a
centrifuge tube, and after centrifugation, measure its absorbance using spectrophotometry. Calculate
the adsorption capacity and removal efficiency of the hydrothermal char based on the standard curve
of the lead solution using formulas (1) and (2). This experiment was conducted in triplicates, and the
results are the average of the three experiments.

q.=(Co=C, )XV)/m ©)

n=_0C,-C,,)/Cyx100% )

In the formula, qe is the adsorption amount in mg/g; 1 is the removal rate in %; Co, Ce,t represent
the initial concentration, adsorbed concentration, and time, respectively, in mg/L; V is the volume of
the solution in L; m is the mass of the modified hydrothermal carbon in g.

2.3.4. Characterization methods for banana peel hydrothermal carbon

The pH of the solution was measured using a PHSJ-3F pH meter (accuracy: 0.1, Shanghai Yidian
Scientific Instrument Co., Ltd.).The concentration of lead in the solution was determined using a P4
UV-visible spectrophotometer (Shanghai Meipuda Instrument Co., Ltd.).The surface morphology of
the hydrothermal carbon before and after modification was observed using a TESCAN MIRA LMS
scanning electron microscope (Teske (China) Co., Ltd.) with an acceleration voltage of 10 kV and gold
spray treatment. The physical properties of the hydrothermal carbon surface before and after
modification were analyzed using a Panalytical Empyrean X-ray diffractometer (China Malvern
Instruments Co., Ltd.).

3. Results and analysis
3.1. Surface structure and performance analysis of hydrothermal carbon before and after modification

3.1.1. SEM analysis

Figure 1 shows SEM images of hydrothermal carbon before and after modification with KOH
solution. In image (a), the unmodified hydrothermal carbon has a smooth surface and fewer carbon
microspheres. In image (b), the surface of hydrothermal carbon is relatively smooth with fewer and
unevenly sized pores, which is because the low concentration of KOH did not cause significant
changes in the surface structurel'?. In image (c) of Figure 4, as the concentration of the modification
solution increases, the surface of the hydrothermal carbon begins to become rough, and there is a
tendency to form microspheres. In image (d), with increasing concentration, the surface of the
hydrothermal carbon forms many microsphere carbon particles and a large number of uniformly
arranged pore structures. This is because cellulose, hemicellulose, lignin, and other components in
the carbon material are cracked into small carbon chain molecules under the action of KOH, and then
re-aggregated to form microspheres 3l. The carbon pores are formed by the reaction in equation (3).
In image (e), the surface of the hydrothermal carbon is very rough, and the pores are blocked by the
generated carbon particles, which is not conducive to the smooth progress of physical adsorption!™l.
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Figure 1. SEM of hydrothermal carbon before and after modification.
6KOH +2C — 2K +3H, + 2K, CO, 3)

3.1.2. FT-IR analysis

The FT-IR spectra of hydrothermal carbon before and after modification are shown in Figure 2.
From the figure, it can be seen that the types of functional groups in hydrothermal carbon are
basically the same under different conditions, but there are some differences in the content. The
infrared spectrum shows obvious absorption peaks at 3223 cm, 2918 cm-!, 2850 cm, 1600 cm, 1511
cm, 1449 cm”, 1375 cm!, 1328 cm?, and 1059 cm. The absorption peak at 3223 cm! is attributed to
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the stretching vibration of -OH; the absorption peaks at 2918 cm and 2850 cm! are attributed to the
stretching vibration peaks of methyl and methylene C-H!]; the absorption peak at 1600 cm! is
attributed to the stretching vibration of carbonyl groups (aldehydes, ketones); the absorption peaks
at 1511 cm”and 1449 cm are mainly caused by stretching vibration of C=C, indicating the formation
of hydrothermal carbon with aromatic structure. The absorption peak at 1317 cm is attributed to
out-of-plane bending vibration of C-H; the absorption peak at 1107 cm is attributed to the stretching
vibration of C-OHIél,
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Figure 2. FT-IR plots of hydrothermal carbon before and after modification.

According to Figure 2, with the increase in concentration, the peak of alcohol-OH stretching
vibration after modification at 0.5 mol/L is the widest among the four conditions. This indicates that
the highest hydroxyl content is produced at this concentration!'”. The stretching vibrations of C=C,
C=0, and OH first increase and then stabilize, reaching the maximum stretching vibration at 0.5
mol/L KOH. The stretching vibration peaks of C-O/C-O-C gradually increase, indicating that a
chemical reaction occurs with potassium hydroxide, leading to a higher degree of aromatization.
Aromatic carbons are more stable under both biological and non-biological oxidation conditions. Due
to the aromatic structure on the surface of hydrothermal carbon, cation-rt adsorption is also
considered a possible mechanism for the adsorption of heavy metals by biochar (18],

3.1.3. XRD analysis

XRD characterization was performed on the hydrothermal carbons before and after
modification, and the results are shown in Figure 3. The characteristic diffraction peaks of potassium
chloride were observed at approximately 23.1° and 42.8°. In the diffraction angle range of 10° to 30°,
a broad peak was observed. With the increase in the concentration of the modifying agent, the peak
area initially increased and then decreased [l This indicates that the carbonization degree was
highest at 0.1 mol/L, followed by 1.0 mol/L, 0.5 mol/L, and 0.05 mol/L. An increase in the
concentration of the modifying agent improved the carbonization degree of the hydrothermal carbon,
suggesting that the obtained material was mainly amorphous carbon and suitable as an adsorbent
material 201,
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Figure 3. XRD patterns of hydrothermal carbon before and after modification.
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3.2. Analysis of Lead lon Adsorption Performance of Hydrothermal Carbon

3.2.1. Influence of KOH Concentration on Adsorption Performance of Hydrothermal Carbon

Different concentrations of KOH solution were used to modify the hydrothermal carbon derived
from banana peel. Experimental conditions: pH =7, adsorption time of 120 min, temperature of 25°C,
solid-liquid ratio of 1 g/L, and initial concentration of 50 mg/L. The adsorption capacity and removal
efficiency were calculated using formulas (1) and (2).

Figure 4 shows the effect of KOH concentration on the adsorption performance and yield of
hydrothermal carbon. From the graph, it can be observed that the adsorption capacity and removal
rate of KOH-modified hydrothermal carbon initially increase and then decrease. The maximum
adsorption capacity is achieved when modified with a concentration of 0.5 mol/L KOH solution, with
an adsorption capacity of 42.78 mg/g, which is 3.2 times higher than that of unmodified hydrothermal
carbon (15.32 mg/g). The yield of modified hydrothermal carbon decreases with the increase of KOH
concentration 1. This is because the strong alkali KOH continues to hydrolyze cellulose,
hemicellulose, and lignin in banana peels as the KOH concentration increases, resulting in a rapid
decrease in carbon yield. KOH can also corrode the surface of hydrothermal carbon, opening up the
blocked pores by tar deposition, and the chemical reaction in equation (3) leads to the destruction of
the carbonaceous surface structure by KOH and the formation of new pore structures on the surface.
This is further confirmed by the SEM analysis in Figure 1(d). Considering that the modified
hydrothermal carbon exhibits a higher adsorption capacity for lead ions with 0.5 mol/L KOH

solution, subsequent adsorption experiments will be conducted based on this standard concentration
(221,
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Figure 4. Effect of potassium hydroxide concentration on adsorption performance and yield of
hydrothermal carbon before and after modification.

3.2.2. Effect of pH on the adsorption performance of lead ions

The experimental conditions include a pH range of 2 to 7, adsorption time of 120 minutes,
temperature of 25°C, solid-liquid ratio of 1 g/L, and an initial concentration of 50 mg/L of KOH
solution %%l Figure 5 shows the adsorption results of KOH-modified hydrothermal carbon with a
concentration of 0.5 mol/L under different pH conditions.
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Figure 5. Effect of hydrothermal carbon on Pb (II) adsorption at different pH values.
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From Figure 5, it can be seen that the modified hydrothermal carbon exhibits an upward trend
followed by a downward trend as the pH value increases. When the solution pH is 2, the adsorption
capacity is 9.72 mg/g, and the removal rate is 19.44%; when the pH value increases from 3 to 6, the
removal rate increases significantly. At pH 6, the adsorption capacity reaches a peak at 42.92 mg/g
with a removal rate of 86.84%; when the pH is 7, the adsorption capacity of the modified
hydrothermal carbon decreases. This is because when the H* concentration in the solution is too high,
there is a competitive relationship between [Pb(H20)¢]?*, Pb*, and H* 4. The higher the H*
concentration, the weaker the competition of Pb(II), which cannot bind to the active sites on the
modified hydrothermal carbon, thus hindering smooth adsorption ?%l. Combined with Figure 2, it can
be seen that the surface of the hydrothermal carbon contains a large number of oxygen-containing
functional groups. A high concentration of H* can cause deprotonation of the oxygen-containing
functional groups, which is favorable for binding with positively charged Pb?, and therefore
increases the adsorption capacity.

3.2.3. Analysis of Adsorption Performance and Kinetics of Hydrothermal Carbon Regarding
Adsorption Time

q, =q,X[1—exp(—k, xt)] (4)
q, = (k,xq,” x0) [(1+k, X q, X1) 5)

q, =1/ B)xIn(ax B)+ 1/ B)xIn(r) (6)

To analyze the variation of water-thermal char adsorption process over time and provide
evidence for the adsorption mechanism, the quasi-first-order kinetics, quasi-second-order kinetics,
and Elovich three models are fitted. The model formulas are shown in equations (4) to (6). The
experimental conditions are pH=7, adsorption time ranging from 0 to 6 hours, temperature of 25°C,
solid-liquid ratio of 1 g/L, and initial concentration of 50 mg/L. The effect of modified water-thermal
char adsorption time on Pb(II) adsorption is shown in Figure 6.
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Figure 6. Effect of adsorption time on adsorption of Pb (II).

According to Figure 6, it can be seen that before 120 minutes, the modified hydrothermal carbon
exhibits a linear increase in adsorption capacity for Pb(II). With the increase in adsorption time, the
adsorption rate of the modified hydrothermal carbon gradually decreases 2. After 240 minutes, the
increase in adsorption rate slows down, and the removal efficiency tends to stabilize at 88.62%,
reaching saturation. The results indicate that the adsorption process of the modified hydrothermal
carbon mainly occurs within the first 120 minutes, with the adsorption rate greater than the
desorption rate, allowing for a rapid adsorption process. After 240 minutes, the decrease in Pb(II)
concentration and the reduction in adsorption sites greatly reduce the probability of collision between
them, which is unfavorable for adsorption 27,

According to Table 1, it can be seen that the correlation coefficient R? after fitting the pseudo
second-order kinetics is 0.98, which is significantly higher than the fitting effect of the other two
models. The calculated adsorption capacity (45.48 mg/g) of the pseudo second-order kinetics model
for modified hydrothermal carbon is close to the actual adsorption capacity (44.61 mg/g), with a
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relative error of 1.9%. According to the modeling principles of the pseudo second-order kinetics
model, it indicates that the adsorption process is complex, with different situations such as external
liquid film diffusion, surface adsorption, and intra-particle diffusion 28l This is because the pseudo
second-order kinetics equation can well describe the adsorption process of modified hydrothermal
carbon and produce similar results as the isotherm simulation, indicating a chemical-physical
adsorption process 1.

Table 1. Dynamic equation parameters and correlation coefficient table.

Types of dynamic models Parameters and correlation coefficients
Ki Qe ho )
First-order kinetics 1/min mg/g mg/(min-g)
4.45 42.03 187.03 0.91
Ko qe ho )
Intermediate Level Dynamics g/(mg-min) mg/g mg/(min-g)
0.14 45.48 289.58 0.98
. a B - R?
Flovich 1802.09 0.15 - 0.89

3.2.4. Removal rate and isothermal adsorption analysis of hydrothermal carbon for lead solution at
different concentrations

In this experiment, lead (Pb(Il)) solutions with concentrations of 5 mg/L, 10 mg/L, 25 mg/L, 50
mg/L, and 100 mg/L were selected. Experimental conditions: pH=7, adsorption time of 120 min,
temperature of 25°C, solid-liquid ratio of 1 g/L, and a concentration of 0.5 mol/L for modified KOH.
The effect of adsorption time on Pb(II) adsorption by modified hydrothermal carbon is shown in
Figure 6.

As shown in Figure 7, with the increase of initial KOH concentration, the adsorption capacity of
modified hydrothermal carbon for Pb(Il) shows a linear increase trend®l. When the initial
concentration of lead solution is 5 mg/L, the removal rate can reach 92.05%. With the increase of initial
concentration, the removal rate decreases significantly to 78.26% at 100 mg/L. This is because at lower
initial concentrations, the affinity of the adsorbent for the adsorbate is high, and the content of Pb(II)
is low, which is conducive to the adsorption of Pb(II)*!l. With the increase of initial concentration, the
concentration of Pb(Il) increases, and the driving force of concentration makes the adsorption sites
move towards the interior of the pores, resulting in an increase in the adsorption capacity [32l.
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Figure 7. Effect of initial concentration on Pb(II) adsorption performance of hydrothermal carbon.
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3.2.5. Modified hydrothermal carbon isothermal adsorption analysis

To analyze the variation law of adsorption of hydrothermal carbon with time and provide basis
for the adsorption mechanism, two kinetic models were used for fitting 3. The experimental
conditions were pH=7, adsorption time of 0~6 hours, temperature of 25°C, solid-liquid ratio of 1 g/L,
and initial concentration of 50 mg/L.

From Figure 8, it can be seen that at a reaction temperature of 293K, the adsorption capacity of
modified hydrothermal carbon for Pb(II) increases from 4.85 mg/g to 119.31 mg/g within the range of
adsorption equilibrium mass concentration of 5-200 mg/L. The adsorption capacity increases rapidly,
exhibiting typical characteristics of chemical adsorption®l. With the increase of initial concentration,
the adsorption capacity increases slowly, and the active sites on the surface of hydrothermal carbon
transition from unsaturated state to saturated state, eventually reaching adsorption equilibrium. The
adsorption capacity also varies at different temperatures, with the adsorption capacity of
hydrothermal carbon gradually increasing as the temperature rises 5. The analysis suggests that the
increase in temperature facilitates Brownian motion of molecules, increases the effective collision
between Pb(Il) and surface active functional groups, and promotes molecules to enter deeper pore
structures, thereby enhancing the adsorption capacity. This indicates that higher temperature is
beneficial for smooth adsorption, and the adsorption process is endothermic 3.
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Figure 8. Adsorption isotherm of Pb (II') on hydrothermal carbon.

Table 2 shows the thermodynamic coefficients for adsorption. According to Table 2, fitting of
the Langmuir and Freundlich models to the adsorption of Pb(II) on modified hydrothermal carbon
at temperatures of 293K, 303K, and 313K yield correlation coefficients (R?) of 0.96, 0.96, and 0.95,
respectively, for the Langmuir model. The correlation coefficients are all greater than or equal to 0.95,
and the values of KL are all less than 1, indicating that the adsorption is easy and the process is
irreversible chemical adsorption [¥7l. For the Freundlich model, the corresponding R2 values at 293K,
303K, and 313K are 0.97, 0.98, and 0.98, respectively. The correlation coefficients are all greater than
0.95 and higher than those of the Langmuir model. This suggests that the "active sites" on the
modified hydrothermal carbon surface are randomly distributed, indicating differences in adsorption
capacity and the characteristics of physical adsorption in multilayer form 1. When the value of 1/n
in the Freundlich model is less than 1, it is considered that chemical adsorption occurs during the
adsorption process. The analysis suggests that in the adsorption process of modified hydrothermal
carbon, Pb(Il) first binds to the active sites on the surface, undergoes chemical adsorption, and as the
reaction progresses, the number of active sites decreases and the driving force for chemical
adsorption weakens 1. SEM analysis in Figure 1 reveals that the modified hydrothermal carbon has
a strong porous structure, and under the driving force of physical adsorption, Pb(ll) continuously
fills the pores 'Y and undergoes internal diffusion, adsorbing onto new active sites on the modified
hydrothermal carbon, resulting in multilayer physical adsorption [,
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Table 2. Table of correlation coefficients of adsorption isotherm parameters.
Isotherm model Experimental conditions =~ Parameters and related parameters
T/K Ki/L'mg™! qm/mg-g R?
Lanemuir 293 0.036 101.27 0.96
8 303 0.044 12019 096
313 0.055 131.53 0.95
T/K Kr(mg/ i()l/ mel g R2
Freundlich 293 19.61 0.28 0.97
303 23.33 0.28 0.98
313 28.27 0.27 0.98

4. Conclusion

The physicochemical properties of phosphoric acid modified banana peel were studied by
means of SEM, FT-IR and XRD. The effects of pH value, adsorption time, solid-liquid ratio and initial
concentration of potassium hydroxide on the adsorption properties of modified hydrothermal carbon
were studied. The adsorption mechanism of modified hydrothermal carbon on PB (II) was studied
by adsorption thermodynamics and kinetic simulation. The following conclusions were reached:

(1) The modified hydrothermal carbon contains large carbonaceous particles and developed pore
structures. After hydrothermal treatment, the material mainly consists of amorphous carbon
with abundant oxygen-containing functional groups, providing active sites for adsorption.

(2) Adsorption experiments on hydrothermal carbon modified with different concentrations of
KOH showed that the maximum adsorption capacity was achieved at 0.5 mol/L KOH
modification. Factors such as pH, temperature, oscillation time, initial concentration, and the
modified hydrothermal carbon showed a positive correlation with the adsorption of Pb( II'), while
the solid-liquid ratio exhibited an initially increasing and then decreasing trend.

(3) The Freundlich model in the adsorption thermodynamics model is more suitable for the
adsorption process of modified hydrothermal carbon on Pb(Il), with correlation coefficients
(R*2) of 0.97, 0.98, and 0.98 at 293K, 303K, and 313K, respectively, indicating a multilayer
adsorption process. The pseudo-second-order kinetic model in the adsorption kinetics model
better represents the adsorption process of modified hydrothermal carbon on Pb(II), indicating
chemical-physical adsorption.
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