
 

  

*lixm228@163.com 

https://doi.org/10.65102/is2026871  Published: 30 April, 2026 

Anno XLIII - Num. 2 - 2026 

Study on the Adsorption Behavior of Carboxyl-functionalized Biochar 

for Azo Dyes 

Xinyu Lu1, Mingkun Yang1, Longyue You1 and Xiaomin Li1,* 

1 College of Chemistry and Chemical Engineering,Yili Normal University, Yining 835000, 

Xinjiang, China 

 

 

SUMMARY: A Base Converter was established in an anaerobic environment, and KOH 

served as an activator for sesame-straw-based materials at a high temperature. D-BC 

carboxyl-functionalized biochar was prepared by grinding DL-malic acid with BC to adsorb 

the azo dye reactive bright red X-B, and the promoting effect of carboxyl groups in the 

adsorption process was explored. The biochar before doping, after doping, and after 

adsorption were all characterized and analyzed by SEM, BET, XPS and FTIR. Single-factor 

experiments and model fitting were used to study the adsorption processes of BC and D-BC, 

and it was found that the surfaces of BC and D-BC consist of dense rhombic pores with a 

large specific surface area. Adsorption of X-B on BC and D-BC is primarily electrostatic 

adsorption, hydrogen bond interaction and $\pi$-$\pi$ interaction; the surface functional 

groups of BC are relatively scarce, so physical adsorption dominates. The relatively large 

amount of -COOH in D-BC promotes the occurrence of electrostatic attraction and hydrogen 

bonding, and is therefore considered to have some chemical adsorption characteristics. Both 

BC and D-BC belong to monolayer adsorption, and the maximum adsorption capacity of 

D-BC can reach 2877.59 mg/g, which is more than 1.5 times that of BC. 
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1 Introduction 

Textile printing and dyeing are another reason for the water pollution. Every year, a relatively 

large amount of dye-containing wastewater is released into the environment and is very 

harmful. Reactive brilliant red X-B (hereinafter referred to as X-B) is a typical azo dye. It has 

a stable structure, is not easily broken down, and is carcinogenic, mutagenic and sensitizing, 

etc. [1, 2] The azo group (-N=N-) in azo dye molecules is relatively unstable and can break 

down under external stress to form carcinogenic amino compounds. Groundwater containing 

dyes that has seeped into the body of people may cause allergic reactions and other diseases. 

In serious cases, it may cause cancer and pose a threat to the health of aquatic life and people; 

dye wastewater is complex in composition and structure, has poor biodegradability, is high in 

salt, exhibits a high colour intensity, and is biologically toxic, making its treatment difficult 

and expensive [3, 4]. 

Most of the treatment methods for dye wastewater are physical methods (membrane 

separation method [5], adsorption method [6]) and chemical methods (flocculation- 

sedimentation method [7], advanced oxidation method [8], electrocatalytic degradation 

method [9]), etc. Membrane separation, flocculation-sedimentation and electrocatalytic 
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degradation methods require relatively high materials and chemicals, have poor reusability, 

and are not suitable for continuous treatment [10-12]. The advanced oxidation method is 

relatively easy to operate and run, and its treatment effect is stable. However, the quality of 

the effluent is low; it consumes acid and alkali, and is prone to secondary pollution [13]. 

Biochar adsorption uses the porous structure of biochar material to create an osmotic pressure. 

A pressure drop occurs, and then pollutants move into the inside of biochar. The active sites in 

biochar can bind to pollutants for separation, and biochar adsorption materials are widely 

available, relatively inexpensive, highly efficient, have a low environmental impact, can be 

reused, and do not cause secondary pollution [14]. They can be used to treat dye pollution, 

and among all types of biomass resources, sesame straw is relatively rich in carbon and 

hydrogen elements and has a low ash content; therefore, it is suitable for preparing biochar 

with a high carbon content. The main reasons for the advantages of sesame straw biochar as 

an adsorbent are a relatively large specific surface area, many kinds of pores, and various 

chemical components such as cellulose, lignin, pectin, pentoses and proteins, etc. [15, 16] In 

the course of producing biochar from these materials, volatile gases are emitted, and a large 

number of oxygen-containing functional groups are formed on the surface of the biochar. 

Volatilization of the internal gas of biochar can form ordered and permeable channels [17, 18]; 

thus, sesame straw is an excellent adsorbent material, but single-source sesame straw biochar 

has poor adsorption performance. 

Based on the above problems, this study took sesame straw biochar as the base, selected 

KOH as the activator, and combined polycarboxyl organic compound DL-malic acid with the 

activated biochar by the solid-phase grinding method to prepare carboxyl-functionalized 

sesame straw biochar. Both X-B in the wastewater were adsorbed, and their adsorption 

performance and adsorption mechanisms were studied. KOH-activated sesame straw biochar 

can also create more pores on the surface of carbon materials. By controlling the macroscopic 

size of the pores through modifications to the carbon-alkali mixing ratio, a porous adsorbent 

with a high specific surface area can be obtained. DL-malic acid is a short-chain organic small 

molecule that contains multiple carboxyl groups, is widely used as a food additive, and can 

function as an excellent non-toxic carboxyl-doped reagent. Carboxyl doping can introduce 

new adsorption sites on the surface functional groups of biochar to enhance the adsorption 

capacity of biochar. In this study, an environmentally friendly, easy-to-operate and 

economical biochar adsorbent was prepared by pyrolysis-activation and doping of low-cost 

sesame straw biomass, and a green and sustainable dual-environmentally friendly pollution 

treatment strategy was put forward. 

2 Experimental materials and methods 

2.1 Experimental reagents and instruments 

Reagents: Sesame straw (a certain planting base in Jinghe County, Xinjiang Uygur 

Autonomous Region), potassium hydroxide (Tianjin Zhiyuan Chemical Reagent Co., Ltd.), 

DL-malic acid (Tianjin Juhengda Chemical Co., Ltd.). 

Instrument: Visible spectrophotometer (Shanghai Meixi Instrument Co., LTD.), 

full-temperature intelligent shaker (Changzhou Runhua Electrical Appliance Co., LTD.), tube 

furnace (Zhengzhou Kejia Electric Furnace Co., LTD.), scanning electron microscope (SEM) 

German ZEISS Sigma 300, fully automatic specific surface area and porosity analyzer (BET) 

American Micromeritics ASAP 2460, X-ray Photoelectron spectrometer (XPS), Thermo 

Scientific K-Alpha, Fourier Transform Infrared Spectroscopy (FTIR), Thermo Fisher 

Scientific Nicolet iS20, USA. 
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2.2 Material Preparation 

Wash the sesame straw, dry it, crush and sieve. A certain amount of sesame straw powder is 

placed in a porcelain cup, put in a muffle furnace at 500 ° C for 2 hours to obtain raw charcoal 

after roasting, then soaked in 3 mol/L hydrochloric acid and ultrasonically removed the lipid 

substances produced during calcination from the raw carbon for 1 hour. Then rinse with 

deionized water until neutral, and then dry. The obtained raw carbon was finely ground by 

adding various amounts of solid KOH, and then a tube furnace was used. Set the temperature 

to 800℃ for two hours, then take out the roasted carbon, wash it with deionized water until 

neutral, and finally dry. Collect the dried carbon samples and put them in glass bottles to 

obtain KOH-activated sesame straw biochar, which will be referred to as BC. Take the same 

mass of BC and evenly mix it with DL-malic acid of different masses, grind it thoroughly, 

wash it with deionized water until neutral, and then dry it for carboxyl doping. Name it D-BC. 

2.3 Characterization and Analysis 

Microscopic changes in the samples before and after modification were observed by scanning 

electron microscopy (SEM). Specific Surface Area analysis, pore volume determination and 

average pore size measurement were all performed by BET. Change in bonding situation of 

adsorbent before and after adsorption was analysed via XPS, and the mechanism of chemical 

adsorption reaction was also investigated. Changes in the surface functional groups of the 

modified sesame straw biochar during adsorption were observed by FTIR. 

2.4 Adsorption Experiment 

First of all, only a single-component adsorption experiment was conducted. Adjusting 

parameters such as the time of adsorption, temperature during adsorption and pH of the 

solution, and investigating the impact on adsorption efficiency. Experimental Data on 

adsorption at equilibrium were collected to construct an adsorption isotherm, and thus the 

effect of environment-related factors on adsorption capacity was determined. 

Adsorption Capacity: 

 
 

m

VC-C
Q 0 
  (1) 

Formula: Q-adsorption capacity (mg/g); Initial concentration of C0-solution (mg/L); 

Concentration of C-after adsorption (mg/L); Volume of solution (mL). 

A Model of adsorption kinetics was constructed. A quasi-first-order kinetics model was 

used to describe the physical adsorption process [19], and a quasi-second-order kinetics 

model was employed for the chemical adsorption process [20]. Adjust the experimental data 

and study the adsorption process. 

Quasi-first-order dynamic equation: 

   tKlnQeQtQeln 1  (2) 

Quasi-second-order kinetic equation: 

 
Qe

t

QeK

1

Qt

t
2

2

  (3) 

Qe is the adsorption capacity of the adsorbent at the X-B adsorption equilibrium, in mg/g; 
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Qt is the adsorption capacity of the adsorbent for X-B at time t, in mg/g; t is the adsorption 

time in minutes (min); K1 is the adsorption rate constant of the linear equation, in min; K2 is 

the adsorption rate constant of the quadratic equation, in g/(mg·min). 

An isothermal adsorption model was constructed to fit the experimental data of adsorption. 

Monolayer adsorption can be explained by the Langmuir adsorption model [21], and 

multimonolayer adsorption is relatively better described by the Freundlich isotherm model 

[22]. 

Langmuir Adsorption Isotherm Equation: 

 
Qm

Ce

QmK

1

Qe

Ce

L




  (4) 

Freundlich Adsorption Isotherm Formula: 

 FlogKlogCe
n

1
logQe   (5) 

Qe is the adsorption capacity of the adsorbent for X-B at adsorption equilibrium, in mg/g; 

Ce is the equilibrium concentration of X-B in the solution, in mg/L; KL is the Langmuir 

adsorption equilibrium constant, L/mg; Qm is the maximum adsorption capacity, in mg/g. KF 

is the Freundlich affinity coefficient. 

3 Results and Discussion 

3.1 Characterization of Biochar 

3.1.1 SEM Analysis 

As shown in Figure 1, a and b are SEM images of BC biochar. BC has an even and dense 

surface of rhombic pores, and it has a honeycomb structure. The holes are mainly the result of 

etching by KOH and gas evolution from cellulose and hemicellulose in sesame straw during 

pyrolysis. At the time of escape, these gases will penetrate the original structure and form a 

considerable number of new holes. These dense honeycomb-like pores have a large specific 

surface area and thus more modifiable sites; they are good adsorption materials for 

micro-modification. Figures c and d are the SEM images of D-BC biochar. The surface of 

D-BC is now rougher, and the porous structure has not changed much. Improvement of 

performance has not led to a loss of the honeycomb-like porous structure and thus a higher 

dye-adsorption capacity. 
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Figure 1: SEM Images of BC and D-BC 

3.1.2 BET Analysis 

Figure 2 has depicted the BET adsorption together with desorption curves in regard to BC and 

D - BC. We have utilized N2 adsorption/desorption isotherms to carry out ascertainment of the 

adsorbent material’s specific surface area and pore-size distribution [23]. The curves of BC 

and D-BC are on the whole alike, hence it shows that the adding of carboxyl groups has not 

altered the original structure. Regarding the adsorption isotherms which belong to these two 

materials, there are quite distinct saturated adsorption platforms. This indicates that the 

adsorbent's pore dimension distribution is comparatively homogeneous, and hence it matches 

the H1 type hysteresis regression curve. This therefore indicates that the adsorbing substance 

is a arranged mesoporous carbon material. When we carry out analysis on the 

adsorption-desorption isotherm, it can be seen that when P/P0 < 0.85, the adsorption course 

possesses a relatively high adsorption capability. Hence, the adsorption mainly occurs in the 

mesopores and micropores. The inner inset showing the distribution of pore sizes is shown in 

Figures 1 and 2, respectively; mesopores <5nm occur mainly in BC and D-BC. 

Table 1 is the BET characterization results. As shown in the table, the microstructures of 

BC and D-BC are essentially the same, and their specific surface areas are 3,273.2 m²/g and 

3,191.2 m²/g, respectively; both are relatively high. The total pore volumes of 1.5877 cm³/g 

and 1.5538 cm³/g, respectively, are considered pore-rich materials, and the average pore 

diameters are 1.9321 nm and 1.9378 nm. 
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Figure 2: Specific surface Area and Pore Size Distribution of BC and D-BC 

Table 1: Specific surface Area and Pore Size Parameters of BC and D-BC 

 Specific surface area (m²/g) Micropore area (cm³/g) Average pore diameter (nm) 

BC 3,273.2 1.5877 1.9321 

D-BC 3,191.2 1.5538 1.9378 

3.1.3 XPS Analysis 

Figure 3a is the total XPS spectra of BC, D-BC and D-BC/X-B after adsorption. The primary 

components of carbon and oxygen in the elements of BC and D-BC are shown in the figure. A 

clear nitrogen peak in D-BC/X-B after dye adsorption is present; thus, it can be concluded 

that the dye has been adsorbed, as shown in Figure 3b. The BC and D-BC at 284.80 eV, 

285.74 eV, 287.84 eV and 290.10 eV correspond to the satellite peaks of C-C, C-O/C-N, 

O-C=O and *   satellite peaks [24], and Figure 3c shows the O1s spectrum. The peaks of 

BC and D-BC at 532.53 eV, 533.89 eV, and 535.89 eV are due to C=O, C-O, and -COOH 

bonds, respectively [25, 26]. The C-O, C=O and O-C=O in BC are formed by the pyrolysis of 

cellulose and sugar in sesame straw under anaerobic conditions. The peak area of O-C=O at 

287.84 eV in the C1s spectrum and -COOH at 535.89 eV in the O1s spectrum of D-BC are 

much larger than those for BC, indicating an increase in carboxyl content and verifying that 

carboxyl groups have been successfully doped onto the surface of the adsorbate. The 

appearance of *   satellite peaks in the C1s spectrum shows that both BC and D-BC 

possess some degree of aromaticity, and the binding energy of the *   satellite peak in 

D-BC/X-B has decreased significantly from 290.10 eV to 289.22 eV. It is due to the  -  

interaction in adsorption that this is the case. Face-to-face stacking of the electron clouds 

between the aromatic rings of D-BC and X-B reduces the energy required to excite the 

𝜋-bonding orbitals to the 𝜋∗-antibonding orbitals, thus significantly decreasing the binding 

energy of the 𝜋 − 𝜋∗ satellite peak [27, 28]. In the O1s spectrum after adsorption, the 

binding energy of the C=O peak in D-BC was 532.53 eV, compared with D-BC, it decreased 

to 532.01 eV, and the binding energy of the C-O peak increased from 533.89 eV to 534.01 eV. 

At the same time, as shown in Figure 3d, the N1s spectrum of D-BC/X-B at 400.38 eV 

exhibits an increase in the -N=N- peak compared to the standard binding energy value of 400 

eV. The -NH- peak at 399.13 eV is lower than the standard binding energy of 399.5 eV; 

therefore, it is assumed that a hydrogen bond (C=O┅H-N) has formed between C=O and 



INGEGNERIA SISMICA – INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING 

7 

-NH-. As the acceptor, the electron cloud density of C=O decreases and the binding energy 

increases; as the donor of the hydrogen bond, the electron cloud density of -NH- increases and 

the binding energy decreases. C-OH forms a hydrogen bond (O-H\cdot\dots N) with -N=N-. 

As a donor of hydrogen bonds, the electron cloud density of C-OH is relatively high, and its 

binding energy is thus relatively low. As the acceptor, the electron cloud density of -N=N- 

decreases and the binding energy increases [29, 31]. The peak area of -COOH in the O1s 

spectrum of D-BC/X-B decreased significantly, and a peak of -NH2+- appeared at 533.89 eV 

in the N1s spectrum. This is because the carboxyl groups on the surface of biochar ionised to 

protonated hydrogen in the aqueous solution, resulting in a decrease in the peak area of 

-COOH and its transformation into -COO-. The Surface of biochar is negatively charged. 

Protonated hydrogen combines with -NH- to form -NH2+- and thus creates a local positive 

charge in the X-B molecule, resulting in electrostatic adsorption. Carboxyl doping strengthens 

the hydrogen bond and electrostatic adsorption ability to increase the adsorption capacity. 

 

 

Figure 3: (a) general spectrum, (b) C1s, (c) O1s and (d) N1s BC, D-BC and XPS spectra of 

D-BC/X-B after adsorption. 

3.1.4 FTIR Analysis 

Figure 4 shows the Fourier-transform infrared (FTIR) spectrogram of bacterial cellulose (BC), 
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carboxyl-group modified bacterial cellulose (D-BC), and D-BC that has loaded X-B 

(D-BC/X-B). In all three test samples, obvious peak signals can be detected at 3435.42 and 

1627.77 cm-1. These peak groups are assigned to the stretching vibrations of O–H/N–H and 

C=O chemical bonds respectively, just as reference [32] has reported. When we carry out 

comparison between D-BC and BC, the strength of the peaks at both wavenumbers in D-BC 

is obviously higher. This result proves that BC has completed successful carboxyl 

functionalization. Subsequently to the adsorption of X-B, two new-type peaks appear at 

1441.52 and 1039.92 cm-1. These peak groups are connected with the bending vibration 

movements of -N=N- and C–N bonds, which therefore confirms the loading of X - B onto D - 

BC. In the spectrogram of D-BC/X-B, the O–H/N–H and C=O peak positions are broadened 

and slightly moved toward lower wavenumbers (red-shifted). This kind of phenomenon 

therefore implies that the hydrogen bonds have formation. In addition, the decreased strength 

of the C=O peak shows carboxyl ionization and electrostatic interactions in the water solution. 

The results got from FTIR analysis are consistent with those of X-ray photoelectron 

spectroscopy (XPS), which therefore also show that hydrogen bonding and electrostatic 

adsorption do have existence. 

 

Figure 4: BC, D-BC and their FTIR plots after adsorption 

3.2 Single-factor experiment 

3.2.1 The influence of base activation and carboxyl doping ratio 

As shown in Figure 5, a is a comparison chart of adsorption capacities at different 

carbon-base ratios. KOH activation can cause etching on the surface of biochar to increase the 

number of pores and specific surface area of sesame straw charcoal. The adsorption capacity 

is relatively high at the alkali-activation ratio of 1:3 and gradually decreases to 1:4.5, but then 

drops significantly further at a carbon-alkali ratio of 1:5. Therefore, if the concentration of 

KOH is too high, it will damage the pore structure of biochar and thus reduce its adsorption 

capacity. Figure 5(b) is a comparison of the adsorption capacities at different ratios of 

carboxylic acid doping. DL-Malic acid is a polycarboxylic acid. Adding a doping material can 

enhance the oxygen-containing functional groups and active sites in biochar for better 

application in water purification. The Adsorption Capacity of the doped materials was 

relatively low compared with BC. A Doping Ratio of 1:6 achieved the highest adsorption 

capacity. Increased Doping did not increase the adsorption capacity further. Based on 

experiments, the optimal carbon-to-base ratio for biochar activation is 1:4.5, and the best 

adsorption performance is achieved at an optimal ratio of carboxyl doping of 1:6. 
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Figure 5: (a) is the comparison of adsorption capacity at different carbon-base ratios, and 

Figure 5(b) compares the adsorption capacities of various carboxylic acid doping ratios. 

3.2.2 The influence of time and temperature on adsorption capacity 

As shown in Figure 6a, the effect of adsorption time on adsorption capacity is shown here. 

The adsorption capacity of BC and D-BC both gradually increase with an extended period of 

time. The Adsorption capacity is relatively large in the first 100 minutes. At this time, there 

are many active sites in the carbon material. Due to the formation of osmotic pressure at the 

contact interface between the adsorbent and the liquid, X-B molecules are drawn into the 

pores of the carbon material, quickly react with the active sites, and maintain a relatively high 

osmotic pressure at the surface of the adsorbent to promote the rapid diffusion of X-B 

molecules into the interior of the adsorbent. D-BC has more active sites, can bind more X-B 

molecules, and shows an even faster increase in adsorption capacity. After 100 minutes, the 

rate of increase in adsorption capacity is gradually declining. At this time, the active sites in 

the adsorbent are gradually reduced, the surface osmotic pressure is also decreasing slowly, 

and as a result, the adsorption capacity increases at a slow rate. At 400 minutes, the adsorption 

capacity has reached a peak and will no longer increase; the active sites are fully occupied, 

and the concentration of the adsorbate in the solution and on the adsorbent are equal at 

equilibrium. Figure 6b is the effect of temperature on adsorption capacity. The adsorption 

capacities of BC and D-BC both increase with an increase in temperature; thus, it can be 

inferred that higher temperatures are relatively favourable for adsorption. The more active the 

sites of D-BC are, the more sensitive the adsorption capacity is to changes in temperature, and 

the larger this change in adsorption capacity will be. 

 

Figure 6: (a) is the effect of adsorption time on the adsorption capacity of BC and D-BC, and 

Figure 6(b) is the effect of temperature on the adsorption capacity of BC and D-BC. 
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3.2.3 The influence of pH on adsorption capacity 

As shown in Figure 7, the influence of different pH values on the two adsorbents. pH in the 

range 2-11. BC and D-BC have a relatively high adsorption capacity at a low pH. This is 

because in an acidic environment, the protonated hydrogen in water joins with the -NH- of 

X-B molecules to form -NH2+- molecules that carry a partial positive charge. The carboxyl 

groups in BC and D-BC ionise to release a proton, making the material surface negatively 

charged, and thus greatly enhancing electrostatic adsorption to increase the adsorption 

capacity of the adsorbent. Both adsorbents have a relatively low adsorption capacity at a high 

pH. There are more hydroxide ions in water in an alkaline environment. The carboxyl groups 

in D-BC release a protonated hydrogen and, in combination with hydroxide ions in water, 

form -COO- groups; these groups then experience electrostatic repulsion with (-SO3-) in X-B 

molecules and are thus no longer able to adsorb. The reason for the reduced decrease in 

adsorption capacity of D-BC compared with BC is that D-BC has a higher proportion of 

carboxyl groups inside. When added to water, it releases more protons (H+) in the water and 

combines with hydroxide ions (OH-) to reduce the pH of the solution; thus, the impact of the 

external environment on the adsorption performance of the adsorbent is weakened, and it can 

operate in more complex environments. 

 

Figure 7: Effect of different pH values of BC and D-BC on adsorption capacity 

3.2.4 Adsorption Kinetics Research 

For the purpose of researching the dynamic adsorption characteristics of BC and D-BC for 

dyes, the pseudo-first-order and pseudo-second-order dynamic models were employed by us 

to process the data, which is shown in Figures 8 and 9. Just like what Table 2 shows, the R² 

value which is 0.9915 of BC’s pseudo-first-order kinetic model is larger than the value of the 

pseudo-second-order kinetic model (R² = 0.9781). This shows that the adsorption action of 

BC upon X-B fits more near to the pseudo-first-order kinetic model, hence implying that this 

process is controlled by a physical adsorption step. On the opposite side, the R² value of 

0.9991 for D-BC's pseudo-second-order kinetic model is higher than the value of the 

pseudo-first-order kinetic model. This indicates that the adsorption action of D-BC upon X-B 

is more in accordance with the pseudo-second-order kinetic model, and chemical adsorption 

is considered to be the rate-controlling step [33, 34]. According to the outcomes of the 

characterization analysis, both BC and D-BC have plentiful pore structures and big specific 

surface areas. When these things contact the liquid, osmotic pressure differences are produced 

on the boundary surface which is between biochar and water. Such differences thus push the 

coloring matter into the holes of the absorption material. On the surface of BC, the number of 
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functional groups is comparatively not large. Therefore, it can only carry out weak binding of 

dye molecules by means of physical adsorption. On another hand, the density of 

oxygen-contained functional groups on the surface of D-BC which is doped by carboxyl 

groups increases in a notable way. Two kinds of active sites, hydroxyl and carboxyl ones, on 

the surface all can build hydrogen bonds together with X-B. The hydrogen bonding effects 

possess comparatively big strength and have one determined space direction arrangement. 

This process has the requirement of a certain quantity of energy, hence it causes the 

appearance of chemical adsorption in the course of adsorption. Therefore, the whole 

adsorption process accords with the pseudo-second-order kinetic model which is expressed on 

the macroscopic scale. 

 

Figure 8: shows the fitting results of the BC quasi-first-order dynamic model and 

quasi-second-order dynamic model. 

 

Figure 9: Fitting of the Quasi-First-Order Dynamic Model and Quasi-Second-Order Dynamic 

Model for D-BC 

Table 2: Fitting Parameters of Quasi-First-Order and Quasi-Second-Order Dynamic Models 

 
quasi-first-order dynamic quasi-second-order dynamic 

K1 Qe (mg/g) R2 K2 Qe (mg/g) R2 

BC 0.0095 899.82 0.9915 1.3×10-5 1070.79 0.9781 

D-BC 0.01404 1269.32 0.95871 3.3×10-5 2314.67 0.9991 
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3.2.5 Isothermal adsorption model 

The fitting results of the Langmuir and Freundlich isothermal adsorption models for BC and 

D-BC adsorption dyes are shown in Figures 10 and 11, respectively. As shown in Table 3, the 

R² value of 0.9568 for the Langmuir model of BC is higher than that of the Freundlich model 

(0.8846), and thus BC can be considered to be monolayer adsorbed. The R² of the Langmuir 

model for D-BC is 0.9949, which is greater than that of the Freundlich model (0.9217), so it 

can be considered monolayer adsorption [35, 37]. The QMS of BC and D-BC on the 

Langmuir model were BC Qm = 980.39 mg/g and D-BC Qm = 2653.53 mg/g, respectively, 

and these were generally in line with the actual experiments. Doping with a carboxyl group 

increased the upper limit of adsorption for the adsorbent by 1.5 times. 

 

Figure 10: shows the BC Langmuir adsorption model and the Freundlich adsorption model. 

 

Figure 11: D-BC Langmuir Adsorption Model and Freundlich Adsorption Model 

Table 3: Fitting Parameters of the Langmuir and Freundlich Models 

 
Langmuir Freundlich 

KL Qm (mg/g) R2 KF 1/n R2 

BC 0.0508 980.39 0.9568 128.02 0.4364 0.8846 

D-BC 0.2191 2653.53 0.9949 1485.21 0.1189 0.9217 

3.2.6 Response Surface Design and Result Analysis 

Design expert10 was used to perform multiple regressions on the experimental design of the 
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response surface method for data analysis. The dosage of adsorbent, adsorption time and dye 

concentration were taken as the response variables, and adsorption amount was used as the 

response variable for regression fitting. The specific results are as follows: Table 4 The 

coefficients and significance test results of the regression model are as follows: 

Y adsorption capacity =2855.72+59.80*A+28.30*B+68.26*C+8.74*AB-4.79*AC+33.28* 

BC-76.56*A²-128.11*B²-133.34*C² 

Table 4: Experimental Design and Results of Optimized Adsorption Capacity for Response 

Surface 

Test 
number 

A:Dosage of 
adsorbent(mg) 

B:Adsorption 
time(min) 

C:Dye 
concentration(mg/L) 

Adsorption 
capacity(mg/g) 

1 5 350 320 2581.13 
2 10 350 320 2679.73 
3 5 450 320 2604.71 
4 10 450 320 2738.27 
5 5 400 280 2503.7 
6 10 400 280 2636.39 
7 5 400 360 2664.65 
8 10 400 360 2778.17 
9 8 350 280 2530.65 
10 8 450 280 2536.22 
11 8 350 360 2585.76 
12 8 450 360 2724.46 
13 8 400 320 2861.61 
14 8 400 320 2850.62 
15 8 400 320 2875.45 
16 8 400 320 2850.15 
17 8 400 320 2840.75 

 

 

Figure 12: (a) Response surface plots of AB, AC and BC; (b) Contour maps of AB, AC and 

BC. 
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Figure 12 shows the response surface plots for AB, AC and BC in 'a'. As the dosage, time 

and concentration are increased, all three factors show a trend of first increasing and then 

decreasing in the surface plots of adsorption capacity; thus, all three are significant 

determinants of adsorption capacity. BC has the steepest surface slope and thus exhibits the 

largest interaction effect on adsorption capacity; AC has the gentlest surface slope and 

therefore shows the smallest interaction effect on adsorption capacity. The relationship of the 

degree of interaction effect is :BC>AB>AC. Figure b is a contour plot of AB, AC and BC. All 

three contour maps are ellipses, and thus the internal interaction effect of the two factors is 

relatively strong. 

Based on the above analysis, as shown in Table 5, the P-value of the adsorption capacity 

model is less than 0.0001 (highly significant), and since the unfitting term is not statistically 

significant, the model has good fit. The regression coefficient R2 = 0.9937, so the linear 

correlation of the fitted quadratic regression equation is good. The adjusted R²=0.9857 

(greater than 0.8000), and the difference between the two is less than 0.2. It can be seen from 

the above figures that the predicted values of this model are close to those of the experiment 

[38]. According to the regression analysis results, the amounts of adsorbents, adsorption times, 

dye concentrations and all other factors affect adsorption capacity. The principal-effect 

relationships of the effective factors are: A > C > B. The degree of influence of the secondary 

interaction on adsorption capacity is BC > AB > AC, and this is in line with the analysis 

results shown in the response surface graph of Figure 12. Based on the analysis of the 

regression equation, the optimal adsorption conditions were determined as follows: the initial 

concentration of the dye was 333 mg/L, the adsorption time was 406 min, and the dosage of 

the adsorbent was 8.6 mg. At that time, the maximum adsorption capacity reached 2877.59 

mg/g. Three parallel experiments were conducted under the optimal conditions shown above, 

and the adsorption capacity obtained in these experiments was 2865.23 mg/g; it was only 

12.36 mg/g less than the theoretical value. Based on the response surface analysis, it has been 

determined that the model is highly accurate and can also accurately predict the results of an 

adsorption experiment. 

Table 5: Regression Analysis Results of the Adsorption Capacity Model and Regression 

Coefficients 

Source Sum of Squares df Mean Square F-value P-value  

model 264272.28 9 29363.59 124.32 < 0.0001 significant 

A-Dosage of adsorbent 28604.73 1 28604.73 121.11 < 0.0001  

B-Adsorption time 6406.55 1 6406.55 27.12 0.0012  

C-Dye concentration 37275.42 1 37275.42 157.82 < 0.0001  

AB 305.55 1 305.55 1.29 0.2928  

AC 91.87 1 91.87 0.389 0.5526  

BC 4430.9 1 4430.9 18.76 0.0034  

A² 24738.1 1 24738.1 104.74 < 0.0001  

B² 69099.03 1 69099.03 292.55 < 0.0001  

C² 74859.04 1 74859.04 316.94 < 0.0001  

Residual 1653.35 7 236.19    

Lack of fit 948.25 3 316.08 1.79 0.2878 Not significant 

Pure error 705.1 4 176.28    

Cor total 265925.63 16     

R²=0.9937 Adjusted R²=0.9857 
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4 Conclusion 

BC and D-BC were prepared by using sesame straw as the base, KOH as the activator, and 

DL-malic acid as the doping material in this experiment. SEM and BET characterization 

experiments have shown that the surface of BC and D-BC is a honeycomb structure with a 

large number of rhombic pores. This structure has a relatively large specific surface area 

(3,191.2 m²/g) and an extensive pore system that is suitable for physical adsorption of X-B. 

BC, D-BC and D-BC/X-B were analysed by XPS and FTIR. According to the above analysis, 

BC and D-BC both exhibit aromaticity and can be involved in $\pi\text{-}\pi$ stacking with 

X-B molecules. The -COOH group in BC and D-BC ionizes to form a protonated hydrogen in 

the solution, and -COO- is formed; therefore, the surface of D-BC is negatively charged. The 

protonated hydrogen binds with the -NH- in X-B and forms -NH2+-; thus, X-B acquires a 

positive charge and undergoes electrostatic adsorption. C=O and -OH of the -COOH group, 

and -NH- and -N=N- of the X-B molecule form hydrogen bonds. Carboxyl doping increased 

the amount of -COOH in D-BC significantly, and therefore, during adsorption, electrostatic 

attraction and hydrogen bonding occurred to enhance the overall adsorption capacity. 

Single-factor experiments made clear that biochar (BC) reached its best effect when the 

ratio of carbon to alkali was 1:4.5. At the same time, the doped biological charcoal (D-BC) 

has achieved its peak efficiency when the doping ratio of DL-malic acid is 1:6. Both two 

adsorbent materials reached balanced state after 400 minutes. Higher temperature values and 

acid-containing surroundings were beneficial to the adsorbing procedure. The outcomes of 

kinetic and isothermal fitting have proven that both BC and D-BC all displayed monolayer 

adsorption behavior. Because BC possesses a smaller quantity of surface functional groups, its 

adsorption behavior more closely followed the pseudo-first-order model, and it is mainly 

driven by physical interactions. On the opposite side, D-BC, which has a comparatively high 

carboxyl content, hence facilitated directional hydrogen bond linking with X-B. This 

procedure needed an energy obstacle and showed more strong chemisorption features, which 

accorded with the pseudo-second-order model. The optimization by response surface method 

indicated that, when the initial concentration of X-B is 333 mg/L, the adsorption time is 406 

minutes, and the dosage of adsorbent is 8.6 mg, the adsorption capacity which D-BC reaches 

is 2877.59 mg/g. This numerical value is more than one point five times that of BC. These 

result points indicate that carboxyl-functionalized biochar is one effective method for 

promoting adsorption capability. 
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