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Abstract: Using banana peel as raw material, the adsorption properties of hydrothermal carbon prepared from 
banana peel modified with different concentrations of phosphoric acid 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 show that the surface of the modified banana peel hydrothermal carbon 
prepared at 240℃ and 2mol/L phosphoric acid solution has large pores. The adsorption capacity is larger when 
pH value is 6.When the concentration of phosphoric acid solution was 2mol/L, the solid-liquid ratio was 2g/L, 
the adsorption capacity was 40.64mg/g, and the removal rate was 82.74%.When the initial concentration of lead 
solution increased to 100mg/L, the adsorption capacity of modified hydrothermal carbon for lead ion increased 
to 76.81mg/g, and the removal rate decreased to 76.81%.The equilibrium adsorption time of banana peel 
phosphoric acid modified hydrothermal carbon for lead ions in solution is 300min. The adsorption process 
satisfies the pseudo-second-order kinetic model and Langmuir isotherm equation. The reaction temperature is 
313K, and the equilibrium adsorption capacity can reach 101.19mg/g. The adsorption of Pb ions in aqueous 
solution by phosphoric acid modified hydrothermal carbon is dominated by single layer chemisorption. The 
artificial neural network has a fitting correlation of 0.99, and the adsorption process includes physical 
adsorption, electrostatic attraction, ion exchange, and surface complexation. 

Keywords: hydrothermal carbon; modification; adsorption; lead ion; mechanism 
 

1. Introduction 

Heavy metals are of great harm after entering water, among which electroplating, metallurgy, 
mining, chemical industry and processing are the main sources of heavy metals [1].Direct discharge 
of industrial wastewater containing heavy metals will not only cause great damage to human body, 
but also destroy the ecological environment [2]. 

At present, the common treatment methods of heavy metals mainly include electroflocculation, 
electroflotation, chemical precipitation, ion exchange, membrane filtration, photocatalysis, 
nanotechnology, adsorption and other methods [3–7]. By comparison, the technical cost and 
economic benefits are ranked in order: adsorption > ion exchange > electroflotation > membrane 
filtration > electroflocculation > chemical precipitation > photocatalysis > nanotechnology. Compared 
with other technologies, adsorption method has the advantages of wide application range and simple 
preparation method, so it has great application prospect [8].  

High temperature adiabatic carbonization and low temperature hydrothermal carbonization are 
common methods for biomass carbonization [9], and there are many studies on the preparation of 
activated carbon with high adsorption performance [10].Hydrothermal carbonization process is 
simple to operate [11], and the reaction raw materials do not need drying treatment. The prepared 
hydrothermal carbon is widely used in the adsorption and removal of pollutants [12].The process of 
hydrothermal carbonization is dehydration and decarboxylation of the functional groups of 
substances, resulting in increased carbon content, higher carbon density and better adsorption 
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performance of the reactants [13].At the same time, hydrothermal carbon shows high adsorption 
characteristics of lead and arsenic [14].Bananas are the world's fifth largest crop and second largest 
fruit, accounting for about 16 percent of the total fruit production. With the rapid growth of China's 
industrialization process, banana cultivation has been gradually industrialized, and its output has 
increased rapidly [15], with the output exceeding 12.1 million tons in 2022. Banana peel, as a by-
product in the processing of banana products (food, beverage, chemical), accounts for 30-40% of the 
total weight of bananas [16], and is a typical biomass waste. The main problem it faces is low recycling 
efficiency. Studies have shown that hydrothermal carbon with high added value can be obtained for 
heavy metal adsorption by using the hydrothermal method of banana peel [17], and it has good 
adsorption properties for lead and arsenic [18].In order to further improve the adsorption 
performance of hydrothermal carbon, modification is an effective way to change the surface activity 
of hydrothermal carbon. There are few studies on surface modification of banana peel hydrothermal 
carbon, improving functional groups and promoting surface affinity [19].Based on this, this study 
attempts to prepare modified hydrothermal carbon as adsorption material in the reaction kettle with 
banana peel under different phosphoric acid solutions at 240℃, to study the influence of 
hydrothermal carbon on the removal performance of lead ions in the solution under different 
phosphoric acid solutions, pH value, solid-liquid ratio and adsorption time, and analyze the surface 
morphology of hydrothermal carbon by XRD and SEM. In order to provide basic data and theoretical 
basis for the industrial application of preparation of hydrothermal carbon modified by phosphoric 
acid solution to remove lead ions from solution. 

2. Materials and Methods 

2.1. Raw Materials 

Banana peel, bought from the food market in Taiyuan. 

2.2. Reagents 

Phosphoric acid (H3PO4), xylenol orange (C31H32N2O13S), ice acetic acid (CH3COOH), sodium 
acetate (CH3COONa), all the above reagents are analytically pure, from Shanghai Maclin Biochemical 
Technology Co, LTD; Hydrochloric acid is analytically pure, from Sinopharm Group Chemical 
Reagent Co, LTD.1000mL Lead Standard Solution from Shanghai Maclin Biochemical Technology 
Co, LTD. 

2.3. Experimental methods 

2.3.1. Preparation of banana peel hydrothermal charcoal 

The banana peel purchased in the market was washed with tap water, put into a 105℃  drying 
oven to constant weight, and then crushed, over 80 mesh standard sample screening. Put into the 
reaction kettle and carry out hydrothermal carbonization under N2. The temperature rose from room 
temperature to 240℃ at 10℃/min, and the heat was kept for 120min.Naturally cooled to room 
temperature, put the hydrothermal products into a drying oven to constant weight, after secondary 
grinding, over 70 mesh standard sample screening, to prepare the banana peel hydrothermal 
charcoal. 

2.3.2. Preparation of phosphoric acid modified hydrothermal carbon 

Phosphoric acid solutions of different concentrations (1.0mol/L, 1.5mol/L, 2.0mol/L, 3.0mol/L) 
were mixed with banana peel, soaked in a constant temperature water bath oscillator (45℃,200rpm) 
for 6h, and then put into a hydrothermal reactor for hydrothermal carbonization under N2. The 
temperature rose from room temperature to 240℃  at 10℃/min, and the heat was kept for 
120min.Naturally cooled to room temperature, the hydrothermal products into a drying oven to 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2023                   doi:10.20944/preprints202310.1866.v1

https://doi.org/10.20944/preprints202310.1866.v1


 3 

 

constant weight, after secondary grinding, over 70 mesh standard sample sieve, to prepare the 
modified hydrothermal carbon. 

2.3.3. Adsorption experiment 

Add ultra-pure water into the lead standard liquid, and configure it into 50mg/L, 100mg/L, 
400mg/L and other lead ion reserve liquid. A certain amount of hydrothermal carbon was put into 
lead solution according to a certain ratio of solid to liquid, and then the adsorption experiment was 
carried out in a constant temperature water bath oscillator. After the oscillation was over, the 
supernatant was left standing and 10ml was taken into the centrifuge tube. After centrifugation, the 
absorbance of the supernatant was measured by spectrophotometry. According to the standard curve 
of lead solution, the adsorption capacity and removal rate of hydrothermal carbon were calculated 
according to formula (1) and (2). All experiments were conducted in triplicate, and the results were 
the average values of the three experiments.    

mVCCq tee /))(( ,0 ×−=  (1)

%100/) 0,0 ×−= CCC te（η   (2)

where, qe is adsorption capacity, mg/g; η is removal rate, %; C0, Ce,t are respectively the initial and 
post-adsorption concentrations of lead solution, mg/L; V is the volume of the solution, L; m is the 
mass of modified hydrothermal carbon, g. 

2.3.4. Characterization of hydrothermal carbon in banana peel 

The pH value of the solution was determined by PHSJ-3F pH meter (precision 0.1, Shanghai 
Yizheng Scientific Instrument Co., LTD.). The concentration of lead in solution was determined by 
P4 UV-visible spectrophotometer (Shanghai Meida Instrument Co., LTD.).TESCANMIRALMS 
scanning electron microscope (Tesken (China) Co., LTD.) was used to obtain the surface morphology 
of hydrothermal carbon before and after modification. The accelerated voltage was 10kV.The 
properties of hydrothermal carbon surface before and after modification were analyzed with 
Empyrean X-ray diffractometer (Malven Instrument Co., LTD.). 

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 the figure, in Figure 1(a), the surface of the unmodified hydrothermal carbon is smooth 
and there are fewer carbon microspheres. In Figure 1(b), many carbon microspheres with different 
sizes are generated 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 
[20]. Many gases such as CO2 and CxHy are generated, which change the carbon skeleton structure 
and form pores with different sizes and structures [21]. 
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(a)Unmodified hydrothermal carbon     (b)1.0 mol/L H3PO4 

  

(c)1.5 mol/L H3PO4 (d)2.0 mol/L H3PO4 

 

(e)3.0 mol/L H3PO4 

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

As shown in Figure 1(c), with the phosphoric acid concentration increasing to 1.5mol/L, the 
surface microspheres are larger and most microspheres are 2-3μm in diameter. In Figure 1(d), with 
the increase of phosphoric acid concentration, the etching in hydrothermal reaction gradually 
increases, and the surface of hydrothermal carbon becomes rough and uneven, and the surface pores 
increase. In Figure 1(e), as the concentration continues to increase, surface pores decrease, and it is 
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predicted that the internal pore structure of hydrothermal carbon begins to collapse and the structure 
begins to be destroyed. This is because the high concentration of phosphoric acid will make the 
insoluble fatty acids will adhere to the hydrothermal carbon, a large number of hydrothermal carbon 
together, unable to participate in the reaction; It may also be caused by the serious destruction of pore 
structure caused by a large amount of gas [22]. 

3.1.2. FT-IR analysis 

Figure 2 shows the FT-IR diagram of hydrothermal carbon before and after modification. It can 
be seen from the figure that most of the functional groups on the surface of the modified 
hydrothermal carbon before modification are retained, but there are also vibration peaks in different 
positions. In the functional group region, the vibration peaks on the surface of hydrothermal carbon 
at 2921cm−1 and 2851cm−1 before and after modification are attributed to aliphatic C-H stretching 
vibration.2500 ~ 2000 cm−1 has no obvious absorption peaks of the three key compounds, the 
absorption peak at 1719 cm−1 belongs to carboxyl groups, aldehydes, ketones and esters on the 
vibration of the C═O, appeared in 1000 cm−1 C-O-O-C/C vibration peak, shows that hydrothermal 
carbon surface has a large number of oxygen containing functional groups, Most of them are 
hydrophilic functional groups, which is conducive to the better dispersion of hydrothermal carbon 
in aqueous solution and provides more active sites for the occurrence of chemical reactions [23]. 
Appeared in the 1650 cm−1 C═C vibration, the reason may be due to the generated in the process of 
water thermal hydrolysis of small molecules formed by dehydration, condensation, and 
aromatization carbon carbon bond and double bond, generate the aromatic compounds [24]. 

 

Figure 2. FT-IR diagram of hydrothermal carbon before and after phosphoric acid modification. 

With the increase of concentration of phosphoric acid solution, C═C、C═O and O/C or C-O-C 
stretching vibration increase fell, after the first in phosphoric acid solution concentration is 2 mol/L 
maximum stretching vibration, and obviously better than unmodified water burning charcoal, 
description of the modified water burning charcoal surface increased a lot of oxygen containing 
functional groups, largely increased the Pb(Ⅱ) adsorption, It is also one of the important reasons that 
hydrothermal carbon can act as an adsorbent. A strong stretching vibration peak appears at 1100cm−1, 
but does not appear on the surface of the modified hydrothermal carbon. The analysis of this peak is 
attributed to the characteristic peak of P-O [25], indicating that there are more phosphoric acid ions 
on the surface of the modified hydrothermal carbon, which can react with Pb(Ⅱ) and improve the 
removal rate of lead. 

3.1.3. XRD analysis 

Figure 3 shows the XRD pattern of hydrothermal carbon surface before and after modification. 
As can be seen from the figure, the positions of peaks in the figure are roughly the same, with 
characteristic peaks of potassium chloride appearing 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 the increase of phosphoric acid concentration, the width of the peak 
gradually increases and the carbonization degree of hydrothermal carbon increases [26]. The 
appearance of this peak also indicates that hydrothermal carbon before and after modification is 
amorphous carbon, which is suitable for use as adsorbent materials [27]. 
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Figure 3. XRD patterns of unmodified and phosphoric acid modified hydrothermal carbon. 

3.2. Analysis of adsorption performance of lead ions by modified hydrothermal carbon 

3.2.1. Influence of phosphoric acid concentration on adsorption effect of hydrothermal carbon 

The experimental conditions were as follows: adsorption temperature 25℃, initial concentration 
of lead ion 50mg/L, solid-liquid ratio 1g/L, adsorption equilibrium state. The adsorption experiments 
were carried out on hydrothermal carbon modified by different phosphoric acid solutions. Formulas 
(1) and (2) were used to calculate hydrothermal carbon adsorption capacity and hydrothermal carbon 
yield. The calculated results are shown in Figure 4. 

 

Figure 4. Effect of different phosphoric acid concentration on the adsorption of hydrothermal 
carbon. 

As can be seen from Figure 4, the removal rate of lead from modified hydrothermal carbon 
increases with the increase of phosphoric acid concentration, and the overall trend is first increasing 
and then stabilizing. When the phosphoric acid concentration is 3.0mol/L, the adsorption capacity of 
modified hydrothermal carbon reaches 40.65mg/g, and the removal rate is 81.84%. Compared with 
the adsorption capacity of 15.32mg/g and removal rate of 30.64% before modification, the adsorption 
capacity increased by 2.6 and 2.7 times, respectively. This is related to the hydrolysis of cellulose and 
hemicelluloses in banana peel by phosphoric acid, resulting in the formation of many chain molecules 
that combine with phosphoric acid ions and increase the active groups on the surface of hydrothermal 
carbon to promote adsorption [28].In view of the large adsorption capacity of lead ions by modified 
hydrothermal carbon when phosphoric acid concentration is 2.0mol/L, phosphoric acid concentration 
is taken as the standard in the following adsorption experiments. 

3.2.2. Influence of pH value on adsorption effect of lead ion 

The experimental conditions were as follows: adsorption temperature 25℃, initial concentration 
of lead ion 50mg/L, solid-liquid ratio 1g/L, concentration of phosphoric acid solution 2mol/L, 
adsorption equilibrium, pH value of solution in the range of 2~7.The adsorption results of pH value 
on modified hydrothermal carbon are shown in Figure 5. 
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Figure 5. Effect of pH value on adsorption of PB (II) by modified hydrothermal carbon. 

As can be seen from Figure 5, in the range of pH value from 2 to 6, the adsorption capacity and 
removal rate of Pb by modified hydrothermal carbon rapidly increase with the increase of solution 
pH value. When pH value was 6, the adsorption capacity and removal rate reached the peak, which 
were 41.37mg/g and 82.74%, respectively. When pH of solution was 2, the adsorption capacity and 
removal rate were lower, which were 14.84mg/g, 14.32mg/g and 27.68%, respectively. When pH=7, 
the adsorption capacity and removal rate began to decrease, indicating that pH value has a certain 
effect on the removal rate of lead. Lead ions exist in the following forms in solutions with different 
pH values: Pb+, Pb(OH)+,Pb(OH)2,Pb(OH)3- ,Pb(OH)42- , Pb2(OH)3+, respectively [29]. When the 
concentration of H+ in the solution is too high, lead ions will form a competitive relationship with H+. 
The higher the concentration of H+, the less competitive lead ions will be, which is unable to combine 
with the active site on the surface of hydrothermal carbon, which is not conducive to the smooth 
process of adsorption. At the same time, at a higher concentration of H+, the functional group is 
protonated [30], resulting in a strong interaction between the positive charge and lead ions, which is 
not easy to carry out the smooth adsorption. Literature [31] shows that there is a trade-off relationship 
between Pb ions and H+ in solution, and a series of displacement reactions may occur on the surface 
of hydrothermal carbon. The specific equation is as follows: 

 

 

 

 

3.2.3. Influence of solid-liquid ratio on adsorption effect of hydrothermal carbon 

The experimental conditions were as follows: adsorption temperature 25℃, initial concentration 
of lead ion 50mg/L, concentration of phosphoric acid solution 2mol/L, adsorption equilibrium, solid-
liquid ratio in the range of 0.5~4g/L. The adsorption results of the solid-liquid ratio of modified 
hydrothermal carbon are shown in Figure 6. 

 

Figure 6. Effect of solid-liquid ratio on Pb (II) adsorption by hydrothermal carbon. 

As can be seen from Figure 6, in the range of 0.5~4g/L solid-liquid ratio, with the increase of 
solid-liquid ratio, the adsorption capacity of modified hydrothermal carbon for lead gradually 

2S COOH+Pb COOPb H+ + +− → +

2S OH Pb S OPb H+ + +− + → − +

S COOH Pb(OH) S COOPb(OH) H+ +− + → − +

S OH Pb(OH) S OPb(OH) H+ +− + → − +
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decreases. When the solid-liquid ratio was 0.5g/L, the adsorption capacity was 48.56mg/g, and when 
the solid-liquid ratio was 4g/L, the adsorption capacity was 10.75mg/g. The removal rate increases 
first and then tends to be stable. The peak removal rate occurs when the solid-liquid ratio is 1g/L, 
reaching 83.25%. This trend is due to the rapid adsorption reaction of phosphate ions on lead when 
the solid-liquid ratio is low, which can quickly adsorb lead. With the increase of solid-liquid ratio, 
the active sites available for adsorption also increase, and hydroxyl (-OH ) and carboxyl (-COOH ) 
are more easily in contact with Pb(Ⅱ), and the adsorption effect is enhanced. When the solid-liquid 
ratio continues to increase, hydrothermal carbon agglomeration will occur [32], and the active sites 
on the surface cannot be fully utilized, the adsorption capacity decreases, the removal rate of heavy 
metals increases, but the economy decreases. 

3.2.4. Analysis of adsorption performance and kinetics by adsorption time 

The experimental conditions were as follows: adsorption temperature 25℃, initial concentration 
of lead ion 50mg/L, solid-liquid ratio 1g/L and phosphoric acid solution concentration 2mol/L. The 
adsorption reached equilibrium and the adsorption time was 0-300min.The influence of modified 
hydrothermal carbon on the adsorption effect as the adsorption time changes is shown in Figure 7. 

 

Figure 7. Effect of adsorption time on adsorption of Pb (II) by hydrothermal carbon. 

As can be seen from Figure 7, with the increase of adsorption time, the adsorption capacity of 
modified hydrothermal carbon increased first and then tended to be flat. After 250min, the adsorption 
capacity of hydrothermal carbon for lead ions basically did not change, reaching 81.66%. The results 
showed that P-HTC adsorption occurred mainly in the first 60min. This is mainly because in the 
initial stage of adsorption, the relative concentration of lead ions in the solution is high, there are 
many unoccupied active sites, adsorbent and lead ions collision probability is high, easy adsorption. 
After 180min, with the decrease of lead ion concentration and the decrease of adsorption sites on the 
surface of the modified hydrothermal carbon, the probability of collision is greatly reduced, which is 
not conducive to adsorption [33]. 

)]exp(1[ 1 tkqq et ×−−×=  (3)

)1/()( 2
2

2 tqktqkq eet ××+××=  (4)

)ln()/1()ln()/1( tqt ×+××= ββαβ  (5)

where, qt is the adsorption capacity at time t, mg/g; qe is the equilibrium adsorption capacity, mg/g; 
k1 and k2 are rate constants, min−1; t is the reaction time, s; α and β are adsorption and desorption rate 
constants mg/(g·min−2), respectively. 

The above data were fitted by the quasi-first-order dynamic model (3), quasi-second-order 
dynamic model (4) and Elovich model (5), and the fitting results were shown in Figure 8 and Table 
1. 
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Table 1. Table of kinetic adsorption correlation coefficient. 

Dynamic model Parameters and correlation coefficients 

pseudo-first-order 

K1 qe h0 
R2 

1/min mg/g mg/(min∙g) 

2.8241 38.84 109.53 0.95 

pseudo-second-order 

K2 qe h0 
R2 

g/(mg∙min) mg/g mg/(min·g) 

0.0928 42.68 169.04 0.99 

Elovich 
α β - R2 

582.59 0.14 - 0.94 

 

Figure 8. Kinetic analysis of adsorption of modified hydrothermal carbon. 

As can be seen from Table 1, among the three kinds of kinetic fitting, the correlation coefficients 
R2 from low to high are respectively Elovich model, quasi-first-order kinetic model and quasi-
second-order kinetic model, in which the correlation coefficient R2 reaches 0.99 after the simulation 
of the experimental data by the quasi-second-order kinetic model. The calculated maximum 
adsorption capacity of the modified hydrothermal carbon (42.68mg/g) was close to the actual 
adsorption capacity (41.26mg/g), and the relative error was 3.3%.The assumption of the quasi-second-
order kinetic model is that there is electron sharing or electron transfer between the adsorbent and 
the adsorbent during the adsorption process, and the adsorption rate mainly depends on 
chemisorption. The adsorption process of Pb(Ⅱ) by modified hydrothermal carbon is more consistent 
with the quasi-second-order kinetic model after fitting, which indicates that the adsorption process 
is limited by chemisorption, and also reflects that the process is mainly chemisorption [34]. 

3.2.5. Modified hydrothermal carbon isothermal adsorption analysis 

Figure 9 shows the adsorption time 120min, initial solution concentration 0-500mg/L, adsorption 
time 120min, solid-liquid ratio 1g/L, the concentration of modified phosphoric acid 2mol/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 of the initial concentration, the adsorption capacity of Pb(Ⅱ) by the modified hydrothermal 
carbon showed a rapid increase trend, and then tended to be flat, reflecting that the active site on the 
surface of the effluent hot carbon changed from unsaturated state to saturated state, and finally 
reached the adsorption limit and equilibrium state. The adsorption capacity of hydrothermal carbon 
is also different at different temperatures. With the increase of temperature, the adsorption capacity 
of hydrothermal carbon is gradually increasing. It was found that the increase of temperature was 
beneficial to the Brownian motion of molecules, increased the effective collision between Pb(Ⅱ) and 
surface active functional groups, and was conducive to the molecules entering the more internal pore 
structure and increasing the adsorption capacity, indicating that the increase of temperature was 
conducive to the adsorption. The isotherm fitting results combined with the kinetic fitting results 
showed that the adsorption of Pb(Ⅱ) by modified hydrothermal carbon was monolayer adsorption, 
and there was mutual repulsive force between the adsorbed Pb(Ⅱ) [35]. Pb(Ⅱ) had to find a new active 
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site, and the process was relatively difficult, resulting in a slow increase in the adsorption rate, and 
the final adsorption and desorption rates were the same, reaching equilibrium. 

  

(a) (b) 

Figure 9.Thermodynamic analysis of modified hydrothermal carbon 

As can be seen from Table 2, when the temperature is 293K, 303K and 313K, the correlation 
coefficients R2 (0.94, 0.92, 0.90) fitted by Freundlich isotherm model are all smaller than those fitted 
by Langmuir isotherm model (0.95, 0.97, 0.96).The fitted maximum adsorption capacity (103.24mg/g) 
in Langmuir model is closer to the actual maximum adsorption capacity (101.19mg/g), indicating that 
Langmuir model is more suitable to describe the adsorption process of Pb(Ⅱ) by modified 
hydrothermal carbon. 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 2. Table of Sorption isotherm parameters and correlation coefficients. 

Isotherm model Experimental conditions Parameters and related parameters 

Langmuir 

T/K KL/L∙mg−1 qm/mg∙g−1 R2 

293 0.0853 76.54 0.95 
303 0.1057 88.94 0.97 
313 0.1704 103.24 0.96 

Freundlich 

T/K KF(mg/g(1/mg)1/n) 1/n R2 
293 22.4625 0.22 0.94 
303 28.7186 0.20 0.92 
313 35.8388 0.19 0.90 

3.2.6. Artificial neural network model 

In this study, Netrual Net Fitting module in MATLAB was used to build the artificial neural 
network structure as shown in Figure 10 [36], and the fitting results of the P-HTC adsorption data 
were simulated. The input values were solution pH, initial concentration, oscillation time, solid-
liquid ratio and different temperatures corresponding to the adsorption. Corresponding to the Target 
parameter in the table (the actual calculated value), the Output value is the adsorption capacity and 
removal rate, corresponding to the output parameter in the table (the fitting value), the hidden layer 
is determined by Kolmogorov theorem [37]. 
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Figure 10. Structure diagram of artificial neural network. 

As shown in Figure 11, solid and dotted lines represent fitted and actual values, and small black 
circles represent input data values. The fitting results are divided into four parts. The blue line is 
ANN's data fitting, and 70% of the data is input as training. The green line represents the fitting line 
used to verify the training results. Input 15% data value; The red line represents the fitting line of the 
test fitting data, input 15% of the data value; The black lines represent all of the above data fitting 
results. 

  

(a) (b) 

  

(c) (d) 

Figure 11. ANN fitting diagram of Pb(II) adsorption experimental data. 

As can be seen from Figure 11, the fitting degree of training data is 0.99, and the data used for 
testing and verification are both 0.99, indicating good fitting effect. After the simulation of artificial 
neural network, all the data are exported and saved. The module will automatically generate the code 
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that can predict the adsorption capacity. Five variables are taken as input values, input the code into 
the program and run it. 

%100×
−

=Δ
e

eF

q

qq
q  (6)

%100
-c ×=Δ

η

ηη
η  (7)

where: qF -- represents the adsorption capacity predicted by ANN, mg/g; qe -- represents the 
concentration of adsorbent in solid phase at actual equilibrium, mg/g;    |∆q|-- represents the error 
between predicted adsorption capacity and actual adsorption capacity, %; ηc-- represents the removal 
rate predicted by ANN, %; η-- represents the removal rate of actual adsorbent, %; |∆η|-- represents 
the error between predicted removal rate and actual removal rate, %. 

As shown in Table 3, one of the single factors is selected as variable, and the other four single 
factors remain unchanged. There are five single factors in total, and five working conditions are 
taken. It can be seen that the error values of adsorption capacity and removal rate are not more than 
5%. The reason why the error is close to 5% is that the experimental data of pH and solid-liquid ratio 
are less than the other three factors, resulting in a larger error after training, but the overall predicted 
value is close to the real value. It shows that this method can be used to predict the adsorption 
situation, avoid a lot of repeated experiments, can understand the adsorption effect of hydrothermal 
carbon faster, and provide a theoretical reference for the application of hydrothermal carbon to 
industrial design in the future. 

Table 3. ANN prediction and actual adsorption statistics. 

Input value 
Predicted 

value 

Actual 

value 

Error 

value 

pH 
TemperatureTime

Solid-liquid 

ratio 

Initial 

concentration 
qF ηc qe η |∆q| |∆η| 

K min g/L mg/L mg/g % mg/g % % % 

2 293 120 1 50 13.1 13.2 13.8 27.6 5 4.3 
7 313 120 1 50 44.4 87.8 46.2 92.4 3.8 4.9 
7 293 300 1 50 40.9 80.2 40.3 80.7 1.5 0.6 
7 293 120 2 50 15.23 60.4 15.8 63.4 3.6 4.8 
7 293 120 1 150 74.1 24.8 75.2 25.1 1.5 1.2 

3.2.7. Modified hydrothermal carbon isothermal adsorption analysis 

Figure 12 shows the adsorption mechanism of Pb(Ⅱ) by hydrothermal carbon, including four 
parts. Physical adsorption [38]. According to SEM images of hydrothermal carbon, there are 
abundant pores and fold structures on its surface, which increase the van der Waals forces between 
molecules and enhance the physical adsorption. With the process of adsorption, the surface 
adsorption sites decrease, and Pb(Ⅱ) will gradually diffuse from the surface to the interior of the hole 
to find new adsorption sites and complete the adsorption. Electrostatic 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 -NH3+, which are negatively charged due to 
deprotonation and will adsorb Pb(Ⅱ) by electrostatic attraction. On ion exchange [40], the 
unprotonated acidic functional group and protonated delocalized π electron pair (-Cπ-H3O+ ) 
hydrogen will be replaced by Pb(Ⅱ), and then H+ will be analyzed to form polyatoms, and Pb(Ⅱ) ion 
exchange adsorption. There may be π-π interaction in the adsorption process, forming π stacking 
structure and increasing ion exchange. Surface complexation [41]. According to the FT-IR diagram of 
hydrothermal carbon, the surface of hydrothermal carbon contains a large number of hydroxyl and 
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carboxyl groups, and the lone pair electrons of hydroxyl and carbonyl groups can be shared with 
Pb(Ⅱ) and adsorbed on the surface of hydrothermal carbon. 
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Figure 12. Schematic diagram of the mechanism of adsorption of Pb(Ⅱ) by the hydrothermal carbon. 

4. Conclusion 

The physicochemical properties of banana peel modified by phosphoric acid were studied by 
SEM, FT-IR and XRD. 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 adsorption 
mechanism of Pb(Ⅱ) by modified hydrothermal carbon was studied by means of adsorption 
thermodynamics and kinetics simulation. The following conclusions are drawn:  
(1)  There is a large carbon sphere particle in the modified hydrothermal carbon, the diameter of 2-

3μm, hydrothermal material is mainly amorphous carbon shape, its surface has a large number 
of oxygen-containing functional groups, which is conducive to adsorption. 

(2)  The adsorption experiments of hydrothermal carbon modified with different concentrations of 
phosphoric acid showed that pH value, temperature, oscillation time and initial concentration 
were positively correlated with the adsorption capacity of Pb(Ⅱ) by hydrothermal carbon 
modified with different concentrations of phosphoric acid, while the solid-liquid ratio was 
opposite to the adsorption capacity. 

(3)  Langmuir model of isotherm model is more suitable to describe the thermodynamic process of 
Pb(Ⅱ) adsorption by modified hydrothermal carbon, indicating that the adsorption is mainly 
monolayer chemisorption. The quasi-second-order kinetic model can better describe the kinetic 
adsorption process of Pb(Ⅱ) by hydrothermal carbon, indicating that the chemical adsorption is 
the main process. Artificial neural network fitting correlation R=0.99. 

(4)  Through model fitting and characterization analysis, the adsorption mechanism of Pb(Ⅱ) on 
hydrothermal carbon was studied, including physical adsorption, electrostatic attraction, ion 
exchange and surface complexation. 
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