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Summary: In order to develop a high-efficiency adsorbent for removing trace heavy metal ions in 
aqueous solution, this study systematically evaluated the adsorption performance of four carbon 
materials. The study investigates how morphology, surface functional groups, and charge 
characteristics affect adsorption performance, and elucidates the dominant adsorption mechanism via 
modeling and thermodynamic analysis. Activated carbon and its nitrogen-modified derivative show 
excellent Co2+ adsorption ability adsorption performance with a maximum of 80%. The adsorption 
behavior conforms to monolayer adsorption mechanism. For activated carbon and beard‑shaped 
carbon nanotubes, Co2+ removal is mainly achieved through adsorption capacity with uptake capacity 
correlating positively with textural properties. In contrast, adsorption of Co2+ by N‑doped AC and 
OH‑functionalized CNTs involves two mechanisms: physical adsorption and chemical adsorption, and 
its adsorption mechanism is affected by the density of the surface hydroxyl group. In five consecutive 
adsorption-desorption cycles, all materials maintain stable adsorption efficiency (maintained at more 
than 95% of the initial adsorption capacity). In the mixed metal competitive adsorption system, N-AC 
exhibits the highest selectivity for Pb2+, followed by Co2+, while Cr(VI) has the lowest adsorption 
capacity. It is worth noting that N-AC also shows excellent universality in removing Pb2+ and Cr(VI), 
highlighting its great application potential in the field of actual wastewater treatment. 
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Introduction 
 

With the continuous advancement of 

industrialization and the continuous expansion of 

economic scale, the environmental regulations and 

standards for wastewater discharge control and 

pollution control are becoming stricter and stricter. 

Mining, metallurgy, metal processing, electronics 

manufacturing and other industries continue to 

produce industrial wastewater containing lead, 

chromium, cobalt, copper and other heavy metal ions 

during production and operation. Such heavy metal 

contaminants represent a significant hazard to both 

ecosystem stability and public health [1-3].  

 

Heavy metals such as Pb2+ and Cr(VI) are 

generally considered to exhibit greater acute toxicity 

than cobalt ion (Co2+); however, given the extensive 

applications of Co2+ in fields ranging from battery 

manufacturing and superalloy fabrication to pigment 

production and electroplating processes, its discharge 

into the environment is increasing rapidly. Moreover, 

due to its high mobility in aquatic environments, Co2+ 

is often overlooked compared to traditional heavy 

metal pollutants. Nevertheless, even at extremely low 

concentrations, Co2+ can still be enriched in living 

organisms through the nutrient transfer in the food 

chain, which ultimately poses a potential risk to food 

safety and seriously affects the sustainable 

development of the ecological environment [4-8]. 

Therefore, how to efficiently remove trace heavy 

metals from polluted water bodies has become one of 

the core challenges urgently needing to be addressed 

in environmental field.  

 

For the purification and treatment of heavy 

metal-polluted wastewater, researchers have 

developed a variety of physicochemical techniques, 

including chemical precipitation, ion exchange, 

membrane separation, electrochemical treatment, and 

adsorption [9-14]. Adsorption stands out among these 

methods for heavy metal removal due to its simple 

operation, low cost, and minimal secondary pollution. 

In recent years, the research and application of 

advanced adsorbent materials have further improved 

the adaptability and efficiency of adsorption in the 

removal of trace heavy metal ions.  

 

*To whom all correspondence should be addressed. 
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Carbon-based materials have become a research 

hotspot in the field of heavy metal ion adsorbents due to 

large specific surface area, well-developed pore structure, 

and excellent stability, and have been widely explored 

and applied [15-19]. In addition to unmodified raw 

carbon materials, functionalized carbon materials 

obtained through surface modification (including 

nitrogen-doped carbon materials and functionalized 

carbon nanotubes) exhibit superior heavy metal 

adsorption performance through the synergistic effect of 

physical adsorption and surface chemical interactions 

[20-22]. These superior characteristics make carbon 

materials an ideal choice for treating heavy metal 

wastewater and have broad application potential in the 

field of environmental restoration. 
 

Current research on carbon-based adsorbents 

needs to be further explored in order to advance the field. 

For example, under strictly controlled experimental 

conditions, the systematic comparative research on the 

adsorption mechanism of structurally heterogeneous 

carbon materials (such as activated carbon and carbon 

nanotubes) is still relatively weak. In addition, the 

specific mechanism of how surface functional groups 

(including hydroxyl and amino groups) and nitrogen-

doping structures regulate the adsorption process of Co2+ 

has not been fully clarified. Building a more perfect 

adsorption mechanism system requires not only a deeper 

understanding of thermodynamic properties, but also a 

clearer grasp of the inherent laws followed by the 

adsorption behavior affected by pH value - and these key 

aspects are often easily ignored in existing studies. 

Finally, the practical application feasibility of these 

materials - especially their long-term stability and 

reusability after multiple adsorption-desorption cycles - 

still needs to be further verified and supported through 

more systematic experiments. 
 

In order to fill the above research gaps, four 

representative carbonaceous materials—activated carbon 

(AC), nitrogen-doped modified activated carbon (N-AC), 

hydroxylized carbon nanotubes (HCNT) and beard-

shaped carbon nanotubes (WCNT) - and used Co2+ as the 

target model pollutant. The reason why this ion was 

chosen is in view of the significant environmental 

hazards and pollution risks brought about by it in battery 

manufacturing, electroplating and other industrial 

production processes, thus highlighting the clear 

necessity of carrying out this research. Adsorption 

efficiency depends on surface area, pore structure, 

surface chemistry, and functional group density. In view 

of this, this study aims to systematically compare the 

adsorption capacity and mechanism through kinetics, 

isothermal adsorption and thermodynamic analysis; at 

the same time, to evaluate the influence of pH and the 

reusability of materials, and to examine the applicability 

of these materials in capturing Pb2+ and Cr(VI). It is 

expected that these research results will provide 

mecological understanding and design guidance for the 

application of carbon-based adsorbents in actual 

wastewater treatment. 
 

Experimental 

Experimental reagents and characterization 
 

Experimental reagents 
 

WCNT were purchased from Nanjing Xianfeng 

Nanomaterials Technology Co., Ltd. AC and HCNT 

were obtained from Shenzhen Suiheng Technology Co., 

Ltd. Cobalt nitrate, lead sulfate, potassium chromate, and 

melamine, all of analytical grade, were purchased from 

Shanghai McLin Biochemical Technology Co., Ltd. All 

chemicals were used as received without further 

purification. 
 

Characterization Instruments 
 

The crystallographic phases of the derived 

samples were characterized using a Rigaku UltimaIV X-

ray diffractometer (XRD) with Cu Kα radiation, scanning 

from 5° to 90° at a rate of 2°/min. The morphology of the 

carbon materials was analyzed using a transmission 

electron microscope (TEM, Thermo Fisher Talos F200X 

G2). The presence of specific functional groups in the 

carbon materials was characterized by Fourier transform 

infrared spectroscopy (FT-IR) using a Thermo Fisher 

Scientific Nicolet iS20 spectrometer. N₂ adsorption-

desorption experiments conducted on a Micromeritics 

ASAP 2460 instrument helped determine the Brunauer-

Emmett-Teller (BET) surface area and pore size of the 

samples. Zeta potential measurements of the carbon 

materials were obtained using a Malvern Zetasizer Pro 

nanoparticle size analyzer. 
 

Preparation of N-AC 
 

Activated carbon/graphitic carbon nitride, 

referred to as N-modified activated carbon, was prepared 

by heating a mixture of melamine and activated carbon 

(Fig 1). The specific procedure is as follows: 1 g of 

activated carbon was ground with 20 g of melamine in a 

mortar for 20 min to achieve a uniform mixture. The 

resulting powder was then placed in a crucible and 

calcined in a muffle furnace at a heating rate of 823 K for 

4 h. After cooling, the powder was ground for an 

additional 10 min to obtain the N-modified activated 

carbon(N-AC)[23]. 
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Fig. 1: Schematic diagram of N-AC preparation. 

 

Adsorption of heavy metal ions by carbon materials 

 

Batch adsorption experiments were 

conducted to collect kinetic and isotherm parameter 

data. In these experiments, 0.5 g of carbon material 

was added to 200 mL of Co2+ solution at a 

concentration of 10 mg·L-1. The experimental flasks 

were placed in a temperature-controlled water bath set 

at 150 rpm to mitigate any limitations arising from the 

transfer of ions from the liquid to the solid phase[24]. 

The initial pH of the solution is 6.8±0.1, and the 

dissolved oxygen concentration is 5 mg·L-1. 

 

Additionally, the effects of time, temperature, 

and the amount of carbon material on the adsorption 

results were investigated. At specified time intervals, 

water samples were withdrawn, filtered using a 0.22 

μm membrane to remove the carbon material, and then 

analyzed for residual metal ions using ICP. 

 

The amount of Co2+ adsorbed was 

determined using Eq. (1): 
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The removal efficiency was calculated using 

Eq. (2): 
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where qt represents the equilibrium adsorption 

capacity of the metal ions (mg·g-1), C0 and Ct are the 

initial concentration and the residual concentration 

after time t (mg·g-1), respectively, m is the weight of 

the carbon material (g), and v is the volume of the 

metal ion solution (L). 

Adsorption process modeling and fitting study 

 

Carbon materials were added to Co2+ 

solutions with concentrations of 5, 10, 20, 50, and 100 

mg·L-1. Adsorption was conducted at room 

temperature for 90 min. The adsorption capacity and 

removal efficiency were calculated by measuring the 

Co2+ concentration after adsorption. The adsorption 

isotherms of the carbon materials for Co2+ were 

described using the Langmuir and Freundlich models. 

The Langmuir isotherm model is expressed by Eq. (3), 

while Eq. (4) represents the Freundlich model[25,26]. 
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Where qe represents the amount of pollutant adsorbed 

per gram of carbon material at equilibrium (mg·g-1), 

and Ce is the equilibrium concentration of metal ions 

(mg·L-1). qm is the maximum adsorption capacity 

(mg·g-1), and Kα is the Langmuir isotherm constant 

(L·mg-1). Kf is the Freundlich constant, indicating the 

adsorption capacity of the carbon material at 

equilibrium concentration (mg1−1/n·L1/n·g−1), while n 

measures the distribution of active sites on the 

heterogeneous surface during adsorption. 
 

Kinetic modeling of the adsorption process 

 

In this study, both the pseudo-first-order and 

pseudo-second-order adsorption kinetic models were 

used to describe the adsorption kinetics of Co2+ onto 

the four carbon materials, as shown in Eq. (5) and (6): 

 

 1ln( ) lne t eq q q K t    (5) 
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Where qt represents the amount of pollutant adsorbed 

by the carbon material at time t (mg·g-1), K1 is the 

pseudo-first-order rate constant (min-1), and K2 is the 

pseudo-second-order rate constant (g·mg-1·min-1). 

 

Thermodynamic analysis of the adsorption process 

 

Adsorption thermodynamics provides 

valuable insights into the behavior of the process 

under varying temperatures. The standard Gibbs free 

energy (∆G0) and standard enthalpy (∆H0) can reveal 

the subtle differences in Co2+ adsorption by different 

carbon materials at various temperatures. These values 

can be calculated using Eq. (7)[27]. 
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where R is the universal gas constant, with a value of 

8.314 J·mol-1·K-1, and T is the absolute temperature in 

Kelvin (K). Kd represents the adsorption equilibrium 

constant. The relationship between lnKd and 1/T is 

shown in Fig 8a. 

 

Results and Discussion 

 

Structure of different carbon materials 

 

Fig 2 shows the transmission electron 

microscopy (TEM) images of the four carbonaceous 

materials studied in this paper. Both AC and N-AC 

show irregular layered and flaky microstructures, 

which is a typical feature of the skeleton structure of 

high porosity carbon-based materials. In stark contrast 

to this, HCNT and WCNT both show the unique 

tubular microstructure of carbon nanotubes, among 

which the tube diameter of HCNT is relatively small. 

 

Textural properties (specific surface area, 

pore structure, and pore size distribution) are key to 

adsorption performance [17]. Fig 3a shows that both 

AC and N-AC conform to the isotherm characteristics 

of type I nitrogen adsorption, and show a significant 

H4 lag ring under high relative pressure. This 

characterization result shows that both materials have 

a composite pore structure in which micropores and 

mesopores coexist, which is suitable for adsorbing 

pollutants of different sizes. In contrast, the nitrogen 

adsorption-desorption isotherm of HCNT and WCNT 

shows typical IV-type characteristics. Combined with 

the lag ring morphology of the isotherm, it can be seen 

that these two materials have a mixed structure of 

microporous and mesoporous, and have good pore 

connection [28]. The aperture distribution curve (Fig 

3b) further confirms the above conclusion: the 

aperture distribution range of AC and HCNT is 

relatively wide and can accommodate metal ions of 

various sizes; while N-AC and WCNT are mainly 

characterized by tiny pore structures. Based on the 

BET method, the specific surface area of AC and N-

AC is 1285.5 m2·g-1 and 1837.4 m2·g-1 respectively, 

both of which are significantly higher than the typical 

values of traditional carbon-based adsorbents. This 

high specific surface area characteristic can effectively 

provide sufficient active sites for the adsorption of 

metal ions and significantly reduce the mass transfer 

resistance of adsorbents, thus playing an important 

role in improving the adsorption performance [17]. 
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Fig. 2 TEM images of four carbonaceous materials 

 

(a) AC showing irregular layered and flaky microstructures; (b) N-AC showing a typical porous carbon skeleton 

with layered morphology; (c) HCNT showing a tubular microstructure; (d) WCNT showing a tubular 

morphology 

 

 

a b 

c d 
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Fig. 3: N2 adsorption/desorption curve (a) and pore size distribution (b)  

 

The interaction between carbon-based 

materials and heavy metal ions is not only strongly 

regulated by the specific surface area and pore 

structure and other texture characteristics, but also 

affected by crystallographic characteristics and 

surface chemical function groups - these factors are 

particularly critical in determining chemical 

adsorption behavior. In order to systematically clarify 

the differences in the structural characteristics of these 

four carbon materials, this study carried out XRD (X-

ray diffraction) and FT-IR (Fourier transform infrared 

spectrum) characterization. The XRD spectrum shows 

that AC (activated carbon) and N-AC (nitrogen-doped 

activated carbon) do not show obvious characteristic 

diffraction peaks (Fig 4a). This characterization result 

shows that the carbon skeleton of these two materials 

mainly has an amorphous structure and low 

crystallinity. In stark contrast, HCNT and WCNT both 

present clear and sharp characteristic diffraction peaks 

at positions of about 26°and 43° at 2θ angles. The 

peaks at ≈26° and 43° belong to the (002) and (100) 

crystal surfaces of graphitized carbon. This is a typical 

graphite crystal structure feature of carbon nanotube 

materials, indicating that both materials have high 

crystallinity [29].  

 

In the FT-IR spectra of all four carbon 

samples, a wide absorption peak appeared at 3419 cm-

1 (Fig 4b), which belongs to O-H expansion vibration, 

confirming the presence of hydroxyl groups on its 

surface [30]. It is worth noting that the absorption peak 

intensity of N-AC and HCNT here is significantly 

higher than that of AC and WCNT, indicating that the 

abundance of the surface-OH functional groups of the 

first two is higher, which is conducive to promoting 

the complex reaction between metal and the surface of 

the material. The absorption peaks at 1633 cm-1 and 

1129 cm-1 correspond to the bending vibration pattern 

of –NH [30]. Overall, the above results fully reveal 

that there are significant differences in crystallinity 

and surface chemical properties of these four carbon 

materials, and these differences are expected to have a 

strong regulatory effect on their adsorption behavior.  

 

Co2+uptake by carbon‑based materials under 

different operational conditions 

 

Under the condition that the adsorbent 

addition is 2.5 g·L-1 and the concentration of Co2+ is 

10 mg·L-1, Fig 5a shows the removal efficiency of 

Co2+ of four carbon materials and the time required to 

achieve adsorption equilibrium. All materials show 

rapid adsorption properties, and adsorption 

equilibrium can be achieved in about 30 min, and then 

until 90 min, the removal efficiency is basically 

constant. Under the same experimental conditions, the 
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adsorption of N-AC and AC on Co2+ is significantly 

higher than that of the other two materials based on 

carbon nanotubes. This performance improvement is 

mainly due to its large specific surface area and high 

porosity. Among the tested adsorbents, N-AC showed 

the highest removal efficiency; when the adsorption 

equilibrium was reached, its removal rate of Co2+ 

exceeded 70%. For the four carbon-based materials 

selected in this study, increasing the amount of 

adsorbent within a certain range can significantly 

improve the removal effect of Co2+. The fundamental 

reason is that increasing the amount of adsorbent will 

proportionally increase the density of active 

adsorption sites in the system, so that Co2+ ions in the 

solution can be more fully captured. However, the 

experimental results show that when the concentration 

of adsorbent increases to more than 2.5 g·L-1, the 

improvement of the removal effect of these four 

materials on Co2+ is negligible. This trend shows that 

the adsorption active site in the system has basically 

reached saturation; in addition, the further 

improvement of removal efficiency may also be 

constrained by secondary factors such as increased 

mass transfer resistance in the solution and 

aggregation of adsorbent particles [24]. Considering 

the standard requirements of Co2+ removal 

performance and the economic cost control needs in 

practical engineering applications, this study finally 

determined that 2.5 g·L-1 was the best adsorbent 

addition for all subsequent adsorption experiments.  

 

The influence of temperature on Co2+ uptake 

by carbon materials was systematically examined 

across three temperature settings under previously 

determined optimal adsorbent loading. The relevant 

test results are summarized in Fig 5c. The removal 

efficiency of Co2+ by the four carbon-based materials 

showed a continuous decreasing trend with the gradual 

increase of the reaction system temperature (Fig 5c). 

This result clearly indicates a close correlation 

between the adsorption process and the temperature 

factor. The significant decrease in adsorption capacity 

at high temperatures further corroborates that The 

uptake of Co2+ by the selected carbon‑based materials 

is predominantly exothermic in nature. 

 

   

 

Fig. 4 XRD patterns (a) and FT-IR spectra (b) of four carbonaceous materials 
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Fig. 5 Influences of time (a), dose (b), and temperature (c) on Co2+ removal by four carbonaceous materials 

 

Adsorption curve fitting for Co2+ uptake on carbon 

materials 

Equilibrium data for Co2+ adsorption on the 

carbon materials were fitted with Langmuir and 

Freundlich isotherms (Fig 6), with the resulting 

parameters summarized in Table 1. For the four 

materials tested, the Langmuir isotherm consistently 

outperformed the Freundlich model, giving higher R² 

values and i better fit. This suggests Co2+ adsorption 

mainly carried out through a single-layer covering 

mechanism, and the interaction between adsorption 

ions is negligible [17]. 

 

Table-1: Adsorption isothermal model fitting parameters. 

Carbon materials temperatures /K 

Langmuir model Freundlich model 

qm/mg·g-1 Kα/L·mg-1 R2 
Kf 

/mg1−1/n·L1/n·g−1 
1/n R2 

AC 

303.15 4.512 0.114 0.995 0.937 0.351 0.981 

313.15 3.663 0.100 0.991 0.747 0.346 0.982 

323.15 2.964 0.079 0.996 0.488 0.390 0.984 

N-AC 

303.15 9.995 0.329 0.999 2.672 0.357 0.944 

313.15 8.703 0.152 0.999 1.546 0.436 0.917 

323.15 7.034 0.086 0.997 0.877 0.491 0.917 

HCNT 

303.15 1.134 0.052 0.991 0.116 0.482 0.941 

313.15 1.053 0.050 0.990 0.115 0.468 0.939 

323.15 0.995 0.048 0.990 0.099 0.488 0.941 

WCNT 

303.15 0.376 0.056 0.992 0.038 0.489 0.921 

313.15 0.277 0.051 0.988 0.028 0.503 0.891 

323.15 0.229 0.047 0.992 0.020 0.507 0.929 
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Fig. 6 Langmuir(a~c)and Freundlich(d~f) models of four carbon materials a&d. 303.15K; b&e. 313.15K; c&f. 

323.15K 
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To evaluate the adsorption performance of 

the materials, we compiled Table 2, which compares 

the qm values of the four carbon materials we prepared 

for Co2+ with the corresponding values reported in the 

literature for various carbon-based and other 

adsorbents. Among the listed studies, N-AC had the 

highest qm value, approximately 10.0 mg · g-1, which 

was lower than many previously reported carbon 

based adsorbents (Table 2). This is primarily attributed 

to its high specific surface area and the surface 

functional groups induced by nitrogen doping. This 

indicates that N-AC is a promising candidate for the 

removal of Co2+ from aqueous solutions. 

 

Table-2: Comparison of qₘ for Co2+ removal by various adsorbents. 

Carbon materials qm (mg·g-1) 

Conditions 

Reference 

pH T (K) 

AC 4.512 6.8 303.15 This work 

N-AC 9.995 6.8 303.15 This work 

HCNT 1.134 6.8 303.15 This work 

WCNT 0.376 6.8 303.15 This work 

Oxidized CNTs 1.45 7.0 298 [8] 

MWCNTs/iron oxide 0.82 6,4 298 [8] 

Eggshells 2.99 7.0 298 [31] 

MWCNT/PPY/NaBH4 2.11 7.0 298.15 [31] 

Comparison of the kinetics of Co2+ adsorption on carbon materials   

 

  

Fig. 7: Adsorption kinetics model of pseudo-first-level (a) and pseudo-second-level (b) of four carbon 

materials. 

 

The dynamic fitting results obtained using 

the applied model are presented in Fig 7, a Table 3 lists 

the fitted parameters along with the corresponding R2 

values. For AC and WCNT, the pseudo-first-level 

model can better describe the experimental data. Its R² 

values are 0.989 and 0.992 respectively, both of which 

are higher than the values obtained by the pseudo-

second-level model (0.950 and 0.982). In contrast, the 

adsorption kinetics of N-AC and HCNT fits the 

pseudo-secondary model. The high degree of 

coincidence between the equilibrium adsorption 

amount qe obtained and the experimental value further 

confirms this difference. Physical adsorption governs 

Co2+ uptake by AC and WCNT, with adsorption 

capacity correlating primarily with specific surface 

area and pore volume [17]. Because its specific surface 

area is significantly larger than WCNT, AC shows a 

higher Co2+ adsorption amount. On the contrary, the 
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adsorption behavior of N-AC and HCNT involves the 

synergy of physical and chemical interactions. For 

such systems, both the material's structural features 

and the density of surface hydroxyl groups (among 

other functionalities) influence adsorption capacity 

[17]. Among these four materials, N-AC shows the 

highest Co2+ adsorption performance; A synergistic 

high surface activity accounts for this observation.  

 

To gain direct insight into the interactions 

between Co2+ and surface functional groups, we 

recorded the FT-IR spectra of N-AC and HCNT after 

the adsorption of Co2+ (Fig. 4b). Both the O–H 

stretching vibration peak located at approximately 

3419 cm-1 and the N–H bending vibration peak located 

at approximately 1633 cm-1 exhibited a distinct shift 

toward lower wavenumbers, accompanied by a 

decrease in peak intensity; this indicates the formation 

of Co–O and Co–N coordination complexes. These 

findings corroborate the results obtained from the 

kinetic models. 

 

Thermodynamic comparison of carbon material 

adsorption Co2+ process 

 

Table 4 presents the main thermodynamic 

parameters for Co2+ adsorption on four carbon‑based 

materials, notably including ∆H0 and ΔG0. The 

calculation results of the experimental data show that 

the ∆H0 value of all measured carbon-based 

adsorbents is negative. The exothermic nature of Co2+ 

adsorption on these four carbon surfaces is supported 

by the thermodynamic data. This conclusion is highly 

consistent with the phenomenon observed in the above 

temperature effect experiment - that is, "temperature 

increase leads to a significant decrease in Co2+ 

removal efficiency" - which achieves mutual 

verification between thermodynamic theoretical 

analysis and experimental phenomena, and further 

consolidates the reliability of the conclusion of this 

study. Temperature‑dependent changes in ΔG0 offer 

an important criterion for judging adsorption system 

thermal stability. its numerical fluctuation directly 

reflects the sensitivity of the adsorption process to 

temperature fluctuations. Among the four carbon-

based materials selected in this study, HCNT shows 

the best thermal stability: when the temperature of the 

reaction system rises by 10 K (from 303.15 K to 

313.15 K), the attenuation rate of its adsorption 

capacity is less than 10%; while AC, N-AC and W The 

adsorption capacity of CNT has decreased by more 

than 20%, and its thermal stability is significantly 

inferior to that of HCNT. The excellent thermal 

stability shown by HCNT is speculated to be closely 

related to its unique surface chemical composition and 

structural characteristics, especially the hydroxyl 

groups enriched on its surface. Hydroxyl groups can 

significantly enhance the intensity of interaction 

between the adsorbent and the surface of the adsorbent 

by complexing with Co2+, thus effectively alleviating 

the negative impact of temperature fluctuations on the 

adsorption process. Among the above four materials, 

the absolute value of ∆H0 of HCNT is the lowest, 

which indicates that it releases relatively little heat in 

the process of adsorption of Co2+. This mild enthalpy 

characteristic can be regarded as one of the key 

intrinsic reasons why HCNT is insensitive to 

temperature changes and shows excellent thermal 

stability. 

 

 

Table-3: Parameters derived from adsorption kinetic modeling. 

Carbon materials Pseudo-first-order kinetic model Pseudo-second-order kinetic model 

 qe/(mg·g-1) K1/(min-1) R2 qe/(mg·g-1) K2/(g·mg-1·min-1) R2 

AC 2.451 0.107 0.989 2.300 0.022 0.950 

N-AC 3.401 0.090 0.971 3.610 0.022 0.994 

HCNT 0.084 0.248 0.959 0.350 0.364 0.992 

WCNT 0.115 0.061 0.992 0.154 0.273 0.982 

 

Table-4: Carbonaceous materials: derived thermodynamic parameters. 

Carbon materials ∆H0/(KJ·mol-1) 
∆G0/(KJ·mol-1) 

303.15 K 313.15 K 323.15K 

AC -14.59 -1.701 -1.276 -0.850 

N-AC -54.70 -4.268 -2.604 -0.941 

HCNT -3.140 0.328 0.442 0.556 

WCNT -6.760 0.139 0.367 0.595 
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Extended Applications of Various Carbon Materials 

for Heavy Metal Adsorption 

 

Reuse Potential of Carbon Materials for Heavy Metal 

Ion Uptake 

 

Reusability represents a core indicator for 

evaluating the feasibility of practical engineering 

applications of carbon-based adsorbents. The key 

reason is that optimizing the regeneration performance 

of the adsorbent can significantly reduce the operating 

costs and resource consumption of such materials in 

large-scale heavy metal wastewater treatment 

scenarios [32,33]. To systematically evaluate the 

recycling potential of the four carbon-based materials 

selected in this study, five consecutive cycles of 

adsorption-desorption stability experiments were 

designed and conducted. After each adsorption cycle, 

the saturated and exhausted adsorbent was first 

separated by filtration, and then immersed in a 0.1 M 

HCl solution for desorption regeneration. The 

desorption process was carried out at room 

temperature, while being continuously stirred in a 

shaker at a constant speed of 150 rpm for 120 min to 

ensure that the Co2+ adsorbed on the material surface 

was fully desorbed. After the desorption operation, the 

regenerated carbon material was repeatedly rinsed 

with deionized water until the pH of the washing 

solution reached neutral, and then placed in an 80℃ 

constant temperature oven to dry for 12 h. After the 

material was completely dry, it was used for the next 

round of adsorption experiments. The Co2+ removal 

performance was largely maintained across five 

successive adsorption‑desorption cycles, without 

significant degradation. This fully demonstrates that 

the selected carbon-based materials possess excellent 

structural stability and efficient regeneration 

performance. These research results further highlight 

the great application potential and engineering value 

of carbon-based adsorbents, especially AC and N-AC 

activated carbon materials, for reuse in actual heavy 

metal wastewater treatment systems.   

 

Adsorption characteristics of carbon materials 

toward diverse heavy metal ions 

 

For systematically evaluating the practical 

application potential of the four carbon-based 

materials selected in complex heavy 

metal-contaminated water bodies, and to clarify their 

adsorption selectivity and universality for heavy metal 

pollutants of different valence states and types, this 

study selected the typical and common pollutants Pb2+ 

and Cr(VI) in the water environment as characteristics. 

Standard pollutants, as shown in Fig 9, compared with 

the removal efficiency of Cr(VI), these four carbon-

based adsorbents have a higher removal efficiency for 

Pb2+.The essence of this phenomenon is attributed to 

the fundamental differences in the existence form and 

charge characteristics of the two heavy metal ions in 

the experimentally set aqueous solution system. 

Specifically, in the solution environment controlled in 

this experiment, Cr(VI) mainly exists stably in the 

form of negatively charged chromate ions (CrO4
2-) 

[34,35], while Pb2+ is positively charged cations. 

 

To further substantiate the rationality of the 

above adsorption mechanism, this study 

simultaneously conducted Zeta potential 

characterization tests. The four carbon-based materials 

all exhibited stable negative surface charges. The 

negative charge characteristics of the adsorbent 

surface can generate strong electrostatic attraction 

with positively charged metal ions in the solution, 

thereby significantly enhancing the binding effect 

between the adsorbate and the adsorbent surface. 

Based on this, it can be inferred that the stronger 

electrostatic interaction between Pb2+ and the carbon-

based material surface is the core dominant factor that 

makes its adsorption efficiency significantly higher 

than Cr(VI); while the negatively charged CrO4
2- 

significantly inhibits the effective adhesion and 

enrichment process of Cr(VI) on the adsorbent surface, 

ultimately leading to its lower removal efficiency. 
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Fig. 8 Relationship between lnKd and 1/T (a) and repeatability verification (b) 
 

 

 
 
Fig. 9: Uptake of Pb2+ (a) and Cr(VI) (b) onto four 

carbon‑based adsorbents. 
 
Selectivity of carbon materials toward heavy metal ions 

in mixed systems 
 

To evaluate the selective adsorption 

performance of four carbon materials in an environment 

where Pb2+, Co2+, and Cr(VI) coexist, we conducted 

competitive adsorption experiments [36]. As shown in 

Table 5, N-AC has the highest selectivity for Pb2+, 

followed by Co2+, and the lowest selectivity for Cr(VI). 

Meanwhile, AC and WCNT exhibit moderate selectivity 

towards Pb2+. The selectivity of HCNT is not significant, 

but its adsorption capacity for Pb2+ is still superior to Co2+ 

and Cr(VI). This selective sequence is consistent with the 

electrostatic interaction mechanism previously described. 

Compared with Co2+, Pb2+has higher selectivity, which 

can be attributed to its smaller hydrated ion radius. 
 
Table-5: Competitive adsorption removal efficiencies 

of four carbon materials in mixed metal ion system. 
Carbon 

material 

Co2+ removal 

(%) 

Pb2+ removal 

(%)  

Cr(VI) removal 

(%) 

AC 38.6 62.4 6.3 

N-AC 41.5 68.3 8.7 

HCNT 12.4 23.7 3.2 

WCNT 8.9 18.9 2.1 
 
Conclusions 
 

This study systematically evaluated the 

adsorption performance of four carbon materials: AC, N-

AC, HCNT, and WCNT - to remove Co2+ from aqueous 

solution. Among them, N-AC shows the highest 

adsorption capacity, and its removal efficiency exceeds 

70% under optimized conditions; followed by AC; while 

the adsorption performance of HCNT and WCNT is 

relatively low. The adsorption process is well described 

by the Langmuir isotherm model; based on 

thermodynamic research, the process is determined to be 

a spontaneous and heat-emitting reaction. Co2+ 

adsorption by AC and WCNT is primarily physical in 

nature, closely relating to the specific surface area and 

pore structure of the materials. In contrast, the adsorption 

process of N-AC and HCNT involves the synergy of 

physical adsorption and chemical adsorption, and is 

closely related to the density of hydroxyl groups and 

other functional groups on the surface of the material. All 

the tested materials showed excellent reusability. After 

five consecutive adsorption-desorption cycles, their 

adsorption capacity can still be maintained at more than 

95% of the initial value. In addition, N-AC shows 

significant adsorption ability on Pb2+, but its adsorption 

performance on Cr(VI) is relatively limited due to 
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unfavorable electrostatic interaction. The competitive 

adsorption experiment further confirmed that the 

selective order is determined by electrostatic interactions. 

These research results highlight the decisive influence of 

surface characteristics on adsorption behavior, and 

establish the potential value of N-AC as a highly 

promising and versatile adsorbent in removing heavy 

metal ions in actual wastewater treatment. 
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