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A B S T R A C T

In this work, domestic refuse waste napkin (WN) was used as raw material, modified by different 
dyes and prepared to N-doped biochars via carbonation and activation methods. The results 
showed that the addition of dyes not only optimized the physicochemical properties of biochars, 
but also greatly improved the adsorption performances. The specific surface areas of N-doped 
biochars (BWN-CR, BWN-CV, and BWN-MO) were increased by 5.95–26.6 % compared with that 
of undoped biochar (BWN, 2173.13 m2/g), similarly, the content of nitrogen atoms in the 
modified biochars increased by 0.50–2.03 times. In the adsorption experiments using tetracycline 
hydrochloride as adsorption model, the adsorption capacities of all N-doped biochars 
(938.71–1159.05 mg/g) were greater than that of most adsorbents including BWN (861.33 mg/ 
g). After 10 cycles of use, both all of the biochars can still maintain more than 65 % of the 
performance, indicating their stable regeneration ability. This work not only prepared a series of 
biochars that can be used to efficiently remove antibiotics from water, but more importantly 
provided a new strategy for the high-value utilization of WN and further released the application 
potential of secondary resources.

1. Introduction

Cleaner production is a concept of sustainable development aimed at minimizing waste of resources and environmental pollution. 
The development of new and advanced technologies for the use of waste or by-products in the production of high-performance 
functional materials is very meaningful to upgrade these secondary resources into high value-added products and address the envi
ronmental shortcomings caused by conventional disposal methods (Basta and Lotyf, 2023; Zhou et al., 2024). Agricultural waste, 
industrial waste, and household waste, as carbon-rich materials, have been widely concerned by researchers and used to develop a 
large number of functional biochar materials for environmental governance, new energy storage, carbon sequestration emission 
reduction, and soil governance, such as biochar adsorbents, biochar supercapacitors, biochar fertilizers and so on (Khedulkar et al., 
2023, 2024; Yu et al., 2024).

Napkin is a kind of household paper that people contact more closely and use more frequently in the daily life, and has become an 
essential sanitary cleaning product in many people’s lives. The 2023 annual report released by the China Paper Association pointed out 
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that the annual consumption of household paper in China has exceeded 11 million tons, an increase of 4.15 %. To some extent, the 
main raw materials for the production of napkins are complex, mostly wood pulp, cotton pulp, straw pulp or waste paper and etc. For 
similar products, waste disposal is often recycled to make recycled pulp to produce new batches of paper towels (Man et al., 2019, 
2020; Li et al., 2020). Due to the high cost of recycling, and the economic value of recycled paper products is not high, most people are 
still willing to choose to waste napkins together with kitchen waste or household waste incineration, landfill, not only caused envi
ronmental pollution, but also greatly waste this renewable biomass resources (Son et al., 2024; Farmanbordar et al., 2024; Wang et al., 
2024). With the substantial growth of the demand for household paper, the corresponding production of napkin waste paper will only 
increase, and the environmental and economic pressure brought by it will become more and more large, then, to find a useful and 
efficient way to deal with this challenge is very important and meaningful.

Since most of the raw materials for the production of napkins are lignocellulosic biomass, waste napkins can also be regarded as 
lignocellulosic materials, and preparing them into functional biochar products is undoubtedly a feasible way to improve its added 
value. However, the biochar produced by conventional preparation technology has a small specific surface area and a small number 
and variety of active functional groups, which directly affects the performance of biochar products and thus limits its application (Fu 
et al., 2024; Wen et al., 2023.). Biochar is often subjected to secondary modifications, such as doping, modification, or composite 
functionalized heteroatoms, to improve its physical and chemical properties and performance (Su et al., 2024; Li et al., 2023). Het
eroatoms can produce active sites such as point defects and effective functional groups by disrupting the electron cloud density and 
spin structure of sp2 hybrid carbon, thus reducing the chemical inertia of carbon substrate, especially nitrogen, which can significantly 
regulate the electronic structure of the hexagonal honeycomb structure of carbon matrix, and thus improve the adsorption or energy 
storage performance of biochar (Zhu et al., 2024), the key to affect the efficiency of nitrogen doping is to find suitable substances with 
high nitrogen content and modify them by appropriate means.

In this study, waste napkin is used as raw materials to produce high-performance biochar that efficiently removes antibiotics from 
water. Specifically, different synthetic dyes with high nitrogen content were selected as nitrogen-doped modifications, including 
monoazo dyes methyl orange, diazo dyes Congo red, and triphenylmethane dyes crystal violet. The waste napkins were modified with 
synthetic dyes by adsorption and combination reaction, and then prepared into biochars with high nitrogen content by carbonation- 
activation. Finally, tetracycline hydrochloride was selected as the model to explore its adsorption properties, including adsorption 
kinetics, adsorption isotherm, adsorption thermodynamics, and etc. This work is not only to prepare a batch of biochars with excellent 
adsorption properties which could efficient removal of antibiotics in water, more importantly, the effects of different nitrogen doping 
substances on the modification of napkin waste paper were compared, and the possible mechanism of the biochar modification process 
and adsorption process were explored, so as to provide a new strategy for the conversion of other secondary resources with high added 
value.

2. Experimental details

2.1. Materials

Waste napkin (WN) was collected at breakfast joints in local markets. All chemicals include Methyl orange (MO, CAS: 547–58–0), 
Congo red (CR, CAS: 573–58–0), Crystal violet (CV, CAS: 548–62–9), tetracycline hydrochloride (TH, CAS: 64–75–5), sodium hy
droxide (NaOH, CAS: 1310–73–2), and hydrochloric acid (HCl, CAS: 7647–01–0) were purchased from Aladdin Chemical and not 
further processed.

2.2. Experimental methods

2.2.1. N-doping modification methods
WN washed, dried at 80 ℃ to constant weight, and crushed until flocculent, set aside. Prepare dye solutions of different con

centrations (0.01 mol/L, 0.05 mol/L, and 0.1 mol/L), and take out 100 mL each and place them in triangular flasks. Weigh 2.0 g of WN 
in a triangular flask containing 100 mL of dye solution, and place the reaction system in a constant temperature shaking table at 30 ℃ 
for 12 h at a rotating speed of 150 RPM. The modified WNs were extracted and washed with deionized water to remove the unattached 
dye solution, and then dried at constant temperature at 80 ℃ to constant weight. WN modified by different dyes is denoted as “WN- 
Dye-Concentration”, for example, “WN-CR-0.005” represents WN modified with 100 mL of CR solution with the concentration of 
0.05 mol/L.

2.2.2. Biochar preparation methods
The preparation of biochar is divided into two stages, including carbonization process and activation process, which are carried out 

in a horizontal tube furnace under nitrogen protection. The temperature of the carbonization process is 600 ℃, the carbonization time 
is 60 min, and the heating rate is 10 ℃/min. The activator used in the activation process is sodium hydroxide, specifically, 0.5 g of 
carbonized samples was fully ground with the activator at the ratio of 1:4, and the mixture was activated at 700 ◦C for 60 min. The 
reaction residue reduced to room temperature is then washed with deionized water and 0.1 mol/L hydrochloric acid solution to 
remove carbonates and excess activators until the pH is neutral. The obtained biochar samples were dried to constant weight in a 
constant temperature drying oven at 80 ℃ and stored in a drying dish for later use. Carbonization samples and biochar samples are 
named ass “CWN-Dye-Concentration” and “BWN-Dye-Concentration”, for example, “CWN-CR-0.005” and “BWN-CR-0.005” represent 
carbonization samples and biochar samples obtained from WN-CR-0.005, respectively. The abbreviations WNs, CWNs, and BWNs 
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represent raw, carbonized, and biochar samples under different treatments. Details of the physicochemical characterization tests of the 
samples are provided as section S1 in Supporting Materials.

2.3. Adsorption experiment methods

2.3.1. Adsorption experiments
The batch adsorption experiment tests were performed in a constant temperature shaker with a rotational speed of 150 RPM, away 

from light. Specifically, the 10 mg biochar sample was weighed and poured into a triangle bottle containing antibiotic solution of 
different concentrations. A certain volume of liquid was measured with a pipette at a specific time point, and the supernatant was 
removed after separation by a 12000 RPM centrifuge. After the tested volume was fixed by deionized water, the antibiotic concen
tration in the solution was measured by ultraviolet spectrophotometer (Agilent Cary-300, USA). Biochar adsorption capacity (Qe, mg/ 
g) is calculated as follows: 

Qe =
(C0 − Ce) × V

m 

where the abbreviations C0, Ce, V, and m represent initial concentration, the equilibrium concentrations of solutions, the volume of the 
solutions, and the mass of the biochar.

In order to investigate the effects of contact time (0–120 min), initial solution concentration (50–500 mg/L), temperature 
(283–323 K), and pH (3− 11) on the adsorption process, different models (including adsorption kinetics, adsorption isotherms, and 
adsorption thermodynamics) were used to carry out fitting analysis on the experimental data. Details of the model formulas are shown 

Fig. 1. Schematic of nitrogen-doped modification of waste napkin and preparation of derived biochars.
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in section S2 of the Supporting Materials.
Cyclic adsorption tests were used to investigate the regenerative capacity of biochar, the details of which are shown in the S3 

section of Supporting Materials.

Fig. 2. (a) N2 adsorption-desorption isotherms and (b) pore size distribution curves of WNs. (c) N2 adsorption-desorption isotherms and (d) pore 
size distribution curves of CWNs. (e) N2 adsorption-desorption isotherms and (f) pore size distribution curves of BWNs.
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3. Result and discussion

3.1. Preparation of BWNs

The preparation process of BWNs is shown in Fig. 1. The collected WN is cleaned, dried and pulverized into flocculent paper scraps 
to increase its contact area with high nitrogen content substances, thus improving the successful efficiency of nitrogen doped modi
fication. It is then evenly mixed with a solution containing CV, MO, and CR, and the doping process of nitrogen is completed by shaking 
in the flask. Generally speaking, the doping of different nitrogen-containing substances has different effects and possible mechanisms, 
similarly, the binding ways of the three high-nitrogen-containing substances and functional groups on WN surface are also different. 
CR is a typical diazo dye with molecular formula C32H22N6Na2O6S2 and 12.1 % nitrogen content, which is often used as an adsorption 
indicator, biological medium additive, and biological dye. It has been reported that it readily interacts significantly with poly
saccharides containing continuous β-(1− 4)-linked D-glucopyranosyl units, β-(1− 3)-D-glucans, and some hemicellulose galactose- 
glucomannan (Teather and Wood, 1982). WN is also a typical kind of lignocellulosic material, therefore, it will also contain a lot of 
cellulose and hemicellulose, and can have a strong combination reaction with CR. CV is a typical triphenylmethane dye with molecular 
formula C25H30N3Cl and 10.3 % nitrogen content, which is widely used in cytology, histology, and bacteriology, and is an excellent 
staining agent. CV has a number of N and O ligands with strong alkalinity such as -NH2 and -OH on each aromatic ring, which can 
combine with oxygen-containing acid ions on WN surface to form a relatively stable ion association by electrostatic attraction (Zarrik 
et al., 2024). MO is a mono azo dye. The molecular form is C14H14N3SO3Na and 12.8 % nitrogen content, which is a commonly used 
acid-base titration indicator in analytical chemistry and is an important textile dye in the printing and dyeing industry. The structure of 
MO shows that it will expose an -NH2 and a group containing -SO3

2- on the molecular surface, which can interact with hydroxyl, 
carboxyl and other groups on the surface of WN, so as to bind together (Popat et al., 2024). Finally, BWNs containing nitrogen were 
prepared from modification treatment WNs by carbonation-activation process under nitrogen protection.

3.2. Characterization results

In order to explore the influence of nitrogen incorporation on the elemental composition of the samples and determine the con
centration of the added dyes, EDS analysis was performed on all the samples, and the results were shown in Fig. S1 and Table S1. 
Specific analysis of C, O, and N elements in the samples showed that although N elements could be seen in the original sample 
spectrum, the content of N elements could not be accurately separated. This can be explained for two reasons. First, the EDS test is 
qualitative in nature, and the atomic number of the N element is small, so it is difficult to quantify accurately. Another reason is that the 
sample contains a large number of elements C and O, and the signal of the N element will partially overlap with it, so it is difficult to 
quantitatively analyze its composition. After carbonization, the signal of the three elements is enhanced, and the element composition 
in CWN is 90.8 % of C, 7.1 % of O, and 2.1 % of N. Because the raw material of WN is lignocellulosic material, although it has been 
treated by many processes in the paper forming process, there are still some residues of protein or amino acids, which are detected in 
CWN. With the incorporation of dyes, it can be clearly seen that the content of N element in CWNs has significantly increased. When 
the solution concentration is 0.005 mol/L, the N element content of CWN-CR-0.005, CWN-CV-0.005, and CWN-MO-0.005 were 3.8 %, 
2.4 %, 2.3 %, respectively. With the further increase of the concentration, the content of N element did not further increase signifi
cantly, which may be due to the adsorption of WN and the chemical reaction of surface groups during the nitrogen doping process, that 
is, the capacity of WN itself to dye is limited. After activation treatment, the content of N element on the surface of BWNs, including 
BWN, has a slightly decreasing trend, which may be caused by the etching of carbon precursors by activators during the activation 
process. Specifically, the activator is partially combined with the carbon precursor in the process of high-temperature activation to 
form carbonate substances, which are removed by later cleaning, and the carbon precursor mixed with nitrogen element will also be 
affected in the same process.

The specific surface area and pore structure of a biochar material are among the key indicators used to assess its physical and 
chemical properties (Yang et al., 2023). In addition, in order to optimize the concentration of nitrogenous substances during the 
modification process, samples prepared under all conditions, including WNs, CWNs and BWNs, were tested by low temperature ni
trogen adsorption-desorption isotherm, the results were shown in Fig. 2 and Table S2. The specific surface area and total pore volume 
of WN are only 1.55 m2/g and 0.0031 cm3/g. With the addition of different dyes, the specific surface area and total pore volume of 
WNs have different increases. If WN is regarded as a network of fibers and different dyes are regarded as tiny particulate matter, the 
addition of dyes is likely to form a situation similar to particle accumulation on the surface of WNs after doping modification process, 
thereby increasing the specific surface area and total pore volume. In addition, the specific surface area and total pore volume of WNs 
modified with the same dye will increase with the increase of the dye concentration. For example, WN-CR-0.01 (4.19 m2/g and 
0.0060 cm3/g) is greater than WN-CR-0.005 (3.50 m2/g and 0.0052 cm3/g), and WN-CR-0.001 (2.86 m2/g and 0.0046 cm3/g), 
WN-CV-0.01 (2.71 m2/g and 0.0051 cm3/g) is greater than WN-CV-0.005 (2.50 m2/g and 0.0042 cm3/g), and WN-CV-0.001 
(2.34 m2/g and 0.0033 cm3/g), similarly, WN-MO-0.01 (2.90 m2/g and 0.0051 cm3/g) is greater than WN-MO-0.005 (2.80 m2/g 
and 0.0049 cm3/g), and WN-MO-0.001 (2.73 m2/g and 0.0045 cm3/g), which can be explained by the above speculation. With the 
completion of carbonization process, the specific surface area and total pore volume of CWNs are significantly different. Compared 
with CWN, the specific surface area and total pore volume of carbonized samples mixed with different nitrogen dyes decreased, and the 
decrease was more obvious with the increase of incorporation concentration. The melting points of CV, MO, and CR are 175, 300, and 
360 ℃, respectively, it can be speculated that the high temperature of the carbonization process causes the dye to melt and cover the 
surface of CWNs. In addition, the added nitrogenous substances generate thermal cracking during the high temperature carbonization 
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process, and the newly generated substances block part of the pore structure (this can be concluded by comparing Figs. 2d and 2b), 
thereby reducing the specific surface area of CWNs. It is worth noting that WN-CRs (WN-CR-0.01, WN-CR-0.005, and WN-CR-0.001) 
and WN-MOs (WN-MO-0.01, WN-MO-0.005, and WN-MO-0.001), whose specific surface area increased most significantly relative to 
WN in the original sample, declined most significantly after carbonization, which also supported this hypothesis. The activation 
process is completed with sodium hydroxide as the activator. Under the high temperature condition of no oxygen, the activator will 
react with the carbon precursor to form carbonate substances through intercalation and embedding, thus forming a new pore structure 
after cleaning. All BWNs samples, including BWN, showed typical type I isotherms, indicating that BWNs contained a large number of 
microporous structures (Yang et al., 2023), which was also consistent with the results of the pore size distribution analysis (Fig. 2f). In 
addition, the results of pore size distribution show that there are some pore structures in BWNs with pore sizes larger than 2 nm, which 
indicates that BWNs is the microporous materials with partial mesoporous. Both the specific surface area and total pore volume of 
biochars modified by dye increased first and then decreased, but the maximum specific surface area and total pore volume were found 
at concentration of 0.005 mol/L (the specific surface area of BWN-CR-0.005, BWN-CV-0.005, and BWN-MO-0.005 are 2533.82, 
2750.41, and 2301.40 m2/g; the total pore volume of BWN-CR-0.005, BWN-CV-0.005, and BWN-MO-0.005 are 1.3186, 1.4027, and 
1.2501 cm3/g). This can be explained by the fact that the nitrogen doped dye molecules are compounded on the surface of the 

Fig. 3. SEM images of WN, CWN, BWN, WN-CR, CWN-CR, BWN-CR, WN-MO, CWN-MO, BWN-MO, WN-CV, CWN-CV, and BWN-CV.
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carbonized sample, and contact with the activator in the molten state during the activation process to complete the activation process, 
thus generating more pore structure and thereby increasing the specific surface area. However, the addition of too much dye leads to 
the consumption of more activators in the same activation process, which reduces the activation degree of the whole carbonized 
sample, thus reducing the activation efficiency. In any case, the addition of appropriate amount of dye was effective in improving the 
specific surface area and pore structure of biochar. Compared with BWN, the specific surface area of BWN-CR-0.005, BWN-CV-0.005, 
and BWN-MO-0.005 were increased by 16.6 %, 26.6 %, and 5.9 %, respectively. The total pore volume of BWN-CR-0.005, 
BWN-CV-0.005, and BWN-MO-0.005 were increased by 7.1 %, 14.0 %, and 1.6 %, respectively, compared with that of BWN. Com
bined with the results of EDS analysis, BWN-CR-0.005, BWN-CV-0.005, and BWN-Mo-0.005 were selected as BWN-CR, BWN-CV, and 
BWN-MO models for subsequent studies because of their higher N content, larger specific surface area, and higher total pore volume.

In order to observe the micro-morphology changes of samples, SEM was used to test all samples including WNs,CWNs and BWNs, 
and the results were shown in Fig. 3. It can be seen that the original samples without carbonization and activation treatment (WN, WN- 
CR, WN-MO, and WN-CV) all show relatively uniform texture of fibers, most of which are about 10–20 μm in diameter, and different 
fibers criss-cross to form a three-dimensional spatial network structure. We did not see any significant changes in the incorporation of 

Fig. 4. TGA and DTG curves of (a) WN, WN-MO, (b) WN-CR, and WN-CV. FT-IR of (c) WNs, dyes, (d) CWNs, and BWNs.
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high nitrogen dyes, and we speculated that the dye molecules were smaller in size, and it was less easy to distinguish when they were 
combined with the fibers through adsorption and chemical reactions. However, they are successfully doped onto the fibers, which is 
not in doubt, as can be seen in the EDS test results (Fig. S1). After carbonization, the fibers of CWNs (CWN, CWN-CR, CWN-MO, and 
CWN-CV) become wrinkled and thinner in diameter, which is caused by dehydration and thermal cracking of the sample during the 
carbonization process, and the diameter of the fibers is significantly thinner than that of the corresponding original samples. Similar to 
most alkali-activated biochar preparation, the activation process caused a large number of fiber breakage and fragmentation in BWNs 
(BWN, BWN-CR, BWN-MO, and BWN-CV), which could be used to explain why the specific surface area of activated biochars were 
significantly increased compared with the carbonized samples. It is worth noting that the fragmentation of biochar modified by ni
trogen is more obvious, which indicates that the doped dye is likely to play a role in the activation process, which makes the activation 
process become intense. We will continue to explore this unknown and interesting topic in future studies.

In order to explore the effect of the incorporation of nitrogen-containing dyes on the change of thermal stability of the material, 
TGA and DTG were used to test the mass changes of WN, WN-CR, WN-CV, and WN-MO with the change of temperature, and the results 
are shown in Fig. 4a-b. The pyrolysis process can be divided into five stages. The first stage is from room temperature to 100 ℃. At this 
time, as the temperature rises, the sample begins to become dry. The weight loss in this stage is mainly caused by the escape of water 

Fig. 5. XRD of (a) WNs, CWNs, and (b) BWNs. Raman spectra of (c) CWNs and (d) BWNs.
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adsorbed on the sample surface. The second stage is from 100 ℃ to 300 ℃, and the weight loss in this stage can be classified as higher 
temperature makes the water bound inside the sample volatilize and part of the lignocellulose thermal cracking. The third stage is from 
300 ℃ to TGA “inflection point temperature” (388 ℃ of WN, 380 ℃ of WN-MO, 364 ℃ of WN-CR, and 384 ℃ of WN-CV), and this 
stage is the most obvious stage of weightlessness, mainly due to the rapid thermal cracking of the sample, which produces a large 
amount of pyrolysis gas and part of carbon dioxide (Wang et al., 2024). The fourth stage is the process to 600 ℃, the weight of the 
sample continues to reduce slightly, which may be due to the higher temperature enhances the degree of aromatization of the sample, 
and the oxygen-containing groups inside the sample are further cracked (Fan et al., 2024). When the temperature exceeds 600 ℃, it 
comes to the fifth stage, in which the sample has basically completed the carbonization process, the mass is no longer significantly 
reduced, the physical and chemical properties become stable, and finally the carbon-rich black substance is generated. It is worth 
noting that the most rapid pyrolysis temperature of WN is slightly higher than the “inflection point temperature” of the other three 
samples, which can be explained by analogy with the theory of “mixture melting point is lower than pure matter” in the chemical field. 
After the doping modification of nitrogen-containing dyes, the original WN was relatively pure and regular structure compared with 
the nitrogen-doped WNs, that is, the nitrogen modification of dyes was not simply mixed with WN, but really incorporated into WN 
fibers from the microscopic molecular level to achieve “in-situ doping modification”. In addition, another major reason for comparison 
is that the melting point of the incorporated dye molecules is lower than 388 ℃ of WN. When the temperature does not reach this 
temperature, some of the bonded dyes in the doped sample have begun to undergo thermal cracking process.

The functional groups on the surface of the samples were observed using FT-IR spectroscopy, employing a series of dyes, WNs, 
CWNs, and BWNs, and the results were shown in Fig. 4c-d. It can be seen that in addition to peaks at 3378–3452 cm− 1 representing N-H 
bonds in the dye samples, there are many peaks distributed between 500 and 1700 cm− 1, representing C-H, C––O, C-C, and aromatic 
rings, which are typical characteristic peaks of dye molecules. At the same time, multiple peaks at 1000–1700 cm− 1 in WN are the 
characteristic peaks of lignocellulose structure. After modification, most peaks in this region still exist in WNs, and they cannot be 
further analyzed because they overlap with the characteristic peaks of dyes in many places. However, it is worth noting that, the peaks 
representing -OH at 3328 cm− 1 in WN originally produced a slight displacement polarization (3332 cm− 1 for WN-CR, 3332 cm− 1 for 
WN-MO, and 3331 cm− 1 for WN-CV) after the incorporation of dye molecules, which indicated that during the doping process, the dye 
produced a strong hydrogen bond with WN, which also represented the successful incorporation of the dyes. After the carbonization 
process, several typical peaks appear more obvious, namely the peaks at 1015–1024 cm− 1 representing C-N and C-O, the peaks at 
1156–1184 cm− 1 representing carbonyl groups of a conjugated structure, the peaks at 1588–1593 cm− 1 representing aromatic rings, 
and the peaks at 3424–3429 cm− 1 representing N-H and -OH. Similarly, there are several very significant peaks in the activated 
biochar, in addition to the more powerful peaks representing C-N and C-O at 1056–1076 cm− 1 and N-H and -OH at 3432–3438 cm− 1, 
there are also have the peaks representing C––O stretching of the aromatic rings at 1618–1619 cm− 1 (Shi et al., 2024; Zhang et al., 
2025; Cui et al., 2024). The above results not only prove the successful incorporation of dyes in the modification process, but also 
indicate that the surface of the prepared biochars contains a large number of functional groups and unsaturated keys, which are likely 
to provide active sites for the use of biochars as adsorbents.

In order to observe the change of crystallinity of the samples, XRD tests were conducted on WNs, CWNs, and BWNs, and the results 
were shown in Fig. 5a-b. In the original sample (WNs), the samples all had two peaks at 17 and 22 ◦, representing cellulose crystalline 
structures from lignocellulose (Padilla et al., 2024). It is worth mentioning that the two peaks in WN-CR, WN-CV, and WN-MO are 
weakened compared with WN, which indicated that the crystallinity of the samples changes with the addition of dye. After the high 
temperature carbonization process, the crystallization peak representing cellulose disappeared and was replaced by a wide peak at 
about 23.5 ◦, which can be explained by the emergence of a large number of carbon-containing aromatic structures after the samples 
pyrolysis at high temperatures. Finally, after the activation process of activator etching, in addition to the wide peak (002) at 23.5 ◦, a 
wide peak with weak signal appeared at 43 ◦, also representing the graphite crystalline structure (100) (Mele et al., 2024) indicating 
that biochar BWN, BWN-CR, BWN-MO, and BWN-CV are all amorphous carbon materials with local ordered structure.

In order to observe the change of carbon defects of the samples, Raman tests are performed on WNs, CWNs, and BWNs, and the 
results are shown in Fig. 5c-d. Both CWNs and BWNs contain two marker peaks at 1366–1374 and 1575–1583 cm− 1, namely, D peak 
representing amorphous carbon structure and G peak representing graphite structure. The two carbon defect structures represent 
different hybridization modes of carbon atoms, with peak D representing sp3 hybridization and peak G representing sp2 hybridization. 
Carbon atoms with different hybridization modes mean atomic loss or lattice distortion, thus affecting the electronic structure and 
chemical properties of carbon materials (Mao et al., 2024; Li et al., 2023). The intensity ratio of D-peak to G-peak (ID/IG) is often used to 
detect changes in carbon defects in carbon materials, and is also an important parameter to monitor changes in the structure of carbon 
atoms in carbon materials. The ID/IG values of CWN, CWN-CR, CWN-MO, and CWN-CV were 2.33, 2.12, 2.06, and 2.23, which meant 
that CWNs samples contain a large number of amorphous structures. After activation, the ID/IG values of BWNs increased further (5.25, 
5.52, 5.40, and 6.08 for BWN, BWN-CR, BWN-MO, and BWN-CV), indicating the formation of more amorphous structures, which may 
be caused by the violent reaction caused by the etching of the activator in the activation process. A large number of amorphous 
structures may result in a larger specific surface area and more abundant pore structure in biochar samples, which is also consistent 
with the results of N2 adsorption-desorption isotherm tests.

In order to study the charge on the surface of biochars, Zeta potential tests were performed on WNs, CWNs, and BWNs, and the 
results were shown in Fig. S2. When the solution is at a specific pH and the net charge on the solid surface is zero, the pH of the solution 
at this time is the pHpzc of the sample (Singh et al., 2016). The pHpzc of BWN, BWN-CV, BWN-MO, and BWN-CR were 4.60, 4.66, 5.32, 
and 5.77. As pH increased, all biochar surfaces became more negatively charged, suggesting that BWNs, including BWN, were better 
suited to deal with positively charged contaminants at high pH. In addition, it can also be easily found that after nitrogen doping 
modification, the absolute values of pHpzc of biochars are slightly higher than that of BWN, indicating that the surface charge density of 
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nitrogen-doped biochars are higher, which may be because the incorporation of nitrogen atoms leads to the introduction of more 
electrons on the surface of biochars.

The surface chemical bond price and electronic state of biochar are one of the important parameters to determine its performance, 
thus, XPS test was performed on the samples and their C1s, O1s, and N1s compositions were fitted and analyzed, and the results were 
shown in Fig. 6. The surfaces of BWNs (including BWN) are all composed of C, O, and N elements, and the N content of BWN-CR 
(3.51 %), BWN-CV (2.53 %), and BWN-MO (1.74 %) is higher than that of BWN (1.16 %) after incorporation of dyes, which indi
cated that N-containing dyes have successfully modified biochars. The C1s high-resolution spectra of the four biochars (BWN, BWN- 
CR, BWN-CV, and BWN-MO) were basically not very different, and both they all had three distinct peaks at 287.35–287.88, 
284.47–284.95, and 283.91–283.99 eV, corresponding to the C––O, C-O, and C-C bonds (Li et al., 2024) There are some differences in 
the results of O1s high-resolution spectra. BWN contains three fitting peaks, namely, Quinones at 530.65 eV, C––O at 531.64 eV, and 
-OH at 533.18 eV. BWN-MO contains three fitting peaks, namely, C––O at 531.52 eV, -OH at 533.12 eV, and O––C-O at 535.05 eV. 
Both BWN-CV and BWN-CR contain four fitting peaks, except for Quinones at 530.35–530.66 eV, C––O at 531.35–531.63 eV, and -OH 
at 533.19–533.33 eV, they also contains C-O at 532.35 eV and O––C-O at 535.10 eV (Guo et al., 2024), respectively, which fully proves 

Fig. 6. (a) XPS, (b) C1s, (c) O1s, and (d) N1s of BWNs.
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that different dyes bind WN in different ways. The N1s high-resolution spectrum of biochars had the largest difference, and it can be 
clearly seen that the incorporation and modification of dyes successfully enriched the types of N elements in biochars. BWN only 
contains pyrrolic-N at 399.40 eV, and these nitrogen elements may come from the nitrogen-containing substances (proteins or amino 
acids, etc.) remaining in lignocellulosic biomass in raw material WN. Both BWN-MO and BWN-CV contain two types of N, in addition to 
pyrrolic-N at 399.42–399.65 eV, graphite-N at 400.51 eV and pyridinic-N at 398.11 eV, respectively. BWN-CR contains three types of 
N, pyridinic-N at 398.02 eV, pyrrolic-N at 399.66 eV, and graphite-N at 400.72 eV (Lyu et al., 2024). In general, pyridinic-N is nitrogen 
connected between two carbon atoms on the edge of the biochar graphite structure, and it is easily oxidized because of the presence of 
lone pairs of electrons. Pyrrolic-N contains two p electrons conjugated with the π bond, so it is likely to provide π-π interaction for the 
adsorption process. Graphite-N refers to nitrogen attached to three carbon atoms in the graphite base and is relatively stable. After the 
modification of nitrogen-containing dyes, compared with BWN, biochars contains newly generated N type, which is likely to provide 
different promotion effects in the process of adsorption of pollutants. The emergence of graphite-N type indicates that this nitrogen 
doping method is not only a simple mixing of nitrogen elements, but also may complete a more solid and stable modification similar to 
“in-situ doping” from the molecular level of biochar.

Fig. 7. Adsorption kinetics of (a) BWN, (b) BWN-CR, (c) BWN-CV, and (d) BWN-MO at 303 K.
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3.3. Adsorption experiment results

Adsorption kinetics was employed to investigate the trend of four materials in reaching adsorption equilibrium at different con
centrations of TH solution (50, 100, 200 mg/g). The obtained results were then fitted with three kinetic models (namely PFO, PSO, and 
IPD) with the fitted results and parameters displayed in Fig. 7a-d and Table S3. The four biochars adsorbed TH rapidly in the first 
20 min, then the adsorption process started to slow down and finally reached the adsorption equilibrium at 120 min. From the results 
obtained, it can be seen that the adsorption capacity of BWN (861.33 mg/g) after nitrogen doping of dyes is enhanced to different 
degrees, and the higher enhancement is found in BWN-CR (1159.05 mg/g) and BWN-CV (1120.04 mg/g), which may be caused by the 
different amounts of different kinds of dye molecules retained on the BWN. By fitting the obtained adsorption data to the PFO and PSO 
kinetic models, the fitted results showed that the correlation coefficients R2 of the PSO for the four materials (BWN: 0.9969–0.9994, 
BWN-CR: 0.9964–0.9997,BWN-CV: 0.9990–0.9998, BWN-MO: 0.9992–0.9996) were higher than the R2 of PFO (BWN: 0.9835–0.9849, 
BWN-CR: 0.9816–0.9882, BWN-CV: 0.9608–0.9859, BWN-MO: 0.9875–0.9889) and the theoretical adsorption amount of PSO was 
closer to the adsorption amount measured in the actual experiments, which indicated that PFO kinetic model is not suitable for 
describing the adsorption process of the four materials, and the PSO kinetic model can better match the adsorption process of the four 

Fig. 8. Effect of temperature on the adsorption capacity of (a) BWN, (b) BWN-CR, (c) BWN-CV, and (d) BWN-MO.
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materials, so that it can be inferred that the adsorption process is dominated by chemisorption (Minaei et al., 2024). For the IPD model, 
the fitted R2 values were significantly smaller than those of PSO and PFO, with correlation coefficients of 0.6120–0.7356, 
0.6874–0.7941, 0.5659–0.6744, and 0.7160–0.7480 for the four materials, respectively. which showed that the adsorption process is 
not controlled by the IPD model.

The adsorption isotherm curve represents the relationship between the concentration of solute molecules present in the two distinct 
phases at equilibrium, which is reached at a particular temperature at the interface between the two phases. The adsorption process of 
biochars is reflected in this equilibrium curve, indicating the initial concentration of adsorbates. In order to fit the obtained data, the 
Langmuir and Freundlich isotherm models were utilised. According to the Langmuir model, adsorption occurs in a homogeneous 
manner in terms of energy across different adsorption sites and surface coverages. Adsorption occurs with the same energy efficiency 
across different adsorption sites and different surface coverages. In this instance, the substance forms a single layer, with no inter
molecular forces present between the adsorbed molecules. It is presumed that the adsorbed molecules are not in any way interacting 
with one another. It is postulated that a monolayer of adsorption will form, wherein there will be no intermolecular interaction be
tween the adsorbed molecules. The Freundlich isotherm model is employed to delineate the adsorption of non-uniform and 

Fig. 9. Effect of pH on the adsorption capacity of (a) BWN, BWN-CV, (b) BWN-CR, and BWN-MO. (c) The distribution of charged forms of TH in 
different pH values.
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heterogeneous phases in heterogeneous systems. It is an isotherm model that is employed in the field of adsorption. The molecules of 
the adsorbent form a multimolecular layer on the surface of the solid. The obtained data and after fitting the results were shown in 
Fig. S3 and Table S4, the adsorption of TH by the samples gradually increased with the increase of initial concentration and the 
magnitude of the increase gradually decreased, which may be due to the limited number of adsorption sites on the surface of the 
samples, which in turn led to the saturation of adsorption by the samples. The fitted results showed that the adsorption data fitted 
poorly to the Langmuir isotherm model and better to the Freundilich, with R2 reaching 0.9961, 0.9931, 0.9911, and 0.9923 for BWN, 
BWN-CR, BWN-CV, and BWN-MO, respectively, which suggests that the adsorption process may be multilayer adsorption (Koulouri 
et al., 2024; Cheng et al., 2023).

It is evident that temperature plays a pivotal role in the adsorption process. To gain further insight into the influence of temperature 
on adsorption, further investigation is required, the researchers used thermodynamic modelling and parametric indices to calculate the 
effect of temperature on adsorption. The impact of materials on the adsorption of antibiotic TH at varying temperatures (283, 293, 303, 
313 and 323 K) was examined, with the findings utilized to calculate thermodynamic parameters. The results are presented in Fig. 8a- 
d and Table S5. It can be observed that the Qe of the samples for TH increased with an increase in temperature. The thermodynamic 
parameter ΔG is employed to represent the Gibbs free energy. The thermodynamic parameter, ΔG, is most commonly utilized as a 
metric to evaluate the spontaneity and equilibrium of a given reaction process under constant temperature and pressure conditions. A 
negative value of ΔG signifies the occurrence of the reaction process in a spontaneous manner (Li et al., 2024). The standard enthalpy 
change, ΔH, represents a thermodynamic parameter that is typically employed in the context of indicating the increase in enthalpy 
associated with a specific reaction process. A positive value of ΔH indicates that the reaction process is endothermic. In contrast, when 
ΔH is less than 0, this implies that the reaction process is exothermic (Azri et al., 2024). The symbol S represents entropy, which can be 
defined as the degree of freedom of a system undergoing a given chemical reaction. In accordance with the second law of thermo
dynamics, an increase in entropy (ΔS>0) can be described as follows: an increase in the reaction volume serves to enhance the degree 
of freedom of the reaction system. The degrees of freedom of the action system increase, for example, as a consequence of an increase in 
the amount of gas or new substance produced in the reaction. In the case that ΔS is less than zero, entropy increases, which may be 
interpreted as an expansion in the number of degrees of freedom of the reaction system. An illustrative example of this phenomenon is 
the production of greater quantities of gas or a new substance in a chemical reaction (Lin et al., 2020). The thermodynamic parameters 
obtained by taking the adsorption data and calculating them showed that ΔG was negative for the four materials, indicating that the 
adsorption process was spontaneous. The values of ΔH were 1.20, 1.86, 2.00, and 1.38 kJ mol− 1, indicating that the adsorption process 
was heat absorbing and that the reaction process could be facilitated with an increase in temperature. The values of ΔS were all positive 
when the sample adsorbed TH, indicating that the interfacial freedom between the sample and the TH molecules increased with 
increasing temperature.

The pH of the solution is also one of the factors affecting the adsorption process, the adsorbent will show different adsorption 
characteristics at different pH of the solution, this is due to the fact that the pH will change the form of ions present in the solution and 
will also lead to a change in the properties of the adsorbent. The adsorbent surface is positively charged when the solution pH is less 
than pHpzc. Also, as shown in Fig. 9c, TH has different ionic presence forms at different pH (pH<3.30 for TH+, 3.30 <pH<7.68 for TH0, 
7.68 <pH<9.68 for TH-, pH>9.68 for TH2-) (Chen et al., 2021; Jin et al., 2024). The results of the adsorption of TH by the four ad
sorbents at different pH are shown in Fig. 9a-b, at pH= 5 the adsorption of all the four adsorbents is at its maximum and it decreases 
with the increase of pH, when pH= 3, the solution is mainly in the form of TH+ and the materials are positively charged on the surface 
and hence electrostatic repulsion occurs, similarly, when pH is 7, all the four materials surfaces are negatively charged and although 

Fig. 10. The possible adsorption mechanism of biochars.
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present in the solution in the form of TH0, they are also being transferred to TH- (pH=7.68) and hence may lead to a gradual decrease in 
the adsorption of the materials onto the adsorbent after pH= 7 due to electrostatic repulsion.

The cyclic regeneration capacity of the adsorbent is an important factor in examining the cyclic effect of the adsorbent. Here, we 
utilized thermal regeneration to recycle the material, simply by recovering the adsorbed biochar, drying it, and subsequently placing it 
into a tube furnace for thermal regeneration under nitrogen protection at 500 ◦C for 60 min. The thermally regenerated biochar was 
put into the new solution again. The results are shown in Fig. S4. After 10 cycles, the removal rate of TH by the four samples could still 
be maintained at more than 65 %, indicating that the samples have good stability and regeneration ability, and can be used to remove 
pollutants from water. In parallel, we conducted a comparative analysis of the adsorption capacity of biochar with other adsorbents 
(Table S6). The results of our investigation indicate that the adsorption capacity of biochar is significantly higher than that of other 
adsorbents. This further substantiates the considerable potential of biochar in the control of water pollution. Concurrently, the local 
lake water was sampled and subjected to the addition of varying concentrations of antibiotics, thereby simulating the removal process 
in the actual environment. The findings(Fig. S5) indicated that the samples exhibited 100 % removal in wastewater with TH con
centrations spanning a range of 10–50 mg g− 1.

After the above analyses, it was shown that the adsorption mechanism may involve pore filling, hydrogen bonding, π-π interaction 
and electrostatic attraction. The nitrogen adsorption and desorption isotherm data showed that the specific surface area of BWN 
(2173.13 m2 g− 1) was increased to different degrees after nitrogen doping with different dyes (BWN-CR: 2533.82 m2 g− 1; BWN-CV: 
2750.41 m2 g− 1; and BWN-MO: 2301.40 m2 g− 1), and the larger specific surface area can provide more adsorption sites and mate
rial transfer capacity for the material. And as shown in Table S7, the specific surface area of the adsorbed materials had a significant 
decrease to 271, 434, 396 and 385 m2 g− 1, respectively. The larger specific surface area can provide more adsorption sites and 
substance transfer capacity for the materials, which is one of the important reasons for the higher adsorption capacity of the nitrogen- 
doped materials. The XPS and EDS results showed that the activated samples of BWN after nitrogen doping increased part of the 
pyrrolic-N and pyridinic-N, which increased the hydrogen bonding to a certain degree, and it can be speculated that there may be π-π 
interactions between the TH molecules and the unsaturated functional groups of the activated samples by FT-IR. And at pH= 3, 7, 9, 
and 11, the adsorption of TH by the samples had different degrees of electrostatic repulsion, while the highest adsorption was observed 
at pH= 5, when TH was present in solution in the form of TH0, indicating that electrostatic attraction played a relatively small role in 
the adsorption process.

4. Conclusion

In this work, domestic refuse WN was used as raw material, modified by different dyes impregnation, and N-doped modified 
biochars were prepared by carbonation and activation. The results showed that the addition of dyes not only optimized the physical 
and chemical properties of biochars, but also greatly improved the adsorption performances. The specific surface areas of BWN-CR, 
BWN-CV, and BWN-MO were up to 2533.82, 2750.41, and 2301.40 m2/g, respectively, which increased by 16.6 %, 26.6 %, and 
5.9 % compared with that of BWN (2173.13 m2/g). In addition, the content of nitrogen atoms in the modified biochars increased by 
0.50–2.03 times compared with that in the undoped biochar (BWN). After kinetics and isotherm experimental data fitting indicated 
that the adsorption process may be chemisorption and multilayer adsorption. The possible adsorption mechanisms are pore filling, 
hydrogen bonding, π-π interaction and electrostatic attraction. Among them, pore filling dominates the adsorption process. Finally, in 
the adsorption experiment using TH model, the adsorption capacities of all N-doped biochars (BWN-CR, BWN-CV, and BWN-MO) were 
greater than that of most adsorbents including BWN. After 10 cycles of use, the biochars can still maintain more than 65 % of the 
performance, indicating their stable regeneration ability. This work not only prepared a series of biochars that can be used to efficiently 
remove antibiotics from water, but more importantly, the different effects of different high-nitrogen dyes on doping modification were 
compared and analyzed, and the possible mechanisms involved in the experiment were discussed, which provided a new strategy for 
high-value utilization of WN in domestic waste and further release the application potential of secondary resources.
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