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Abstract 

This study investigates the potential of biochar produced via a solar pyrolysis system and its effectiveness in removing copper 

(Cu
2+

) ions from water, presenting a sustainable and energy-efficient method for biochar production and biomass recycling. Two 

common agricultural and livestock wastes, corn straw and cow dung, were used as raw materials to produce biochar. These 

materials underwent solar pyrolysis under limited oxygen conditions to produce biochar, which was then compared to biochar 

produced via traditional pyrolysis. The comparison involved elemental analyses, infrared spectroscopy, scanning electron 

microscopy, and specific surface area and pore size analysis to highlight differences in their physical and chemical properties. 

Adsorption experiments were conducted to evaluate the adsorptive capacity of biochar for copper ions (Cu
2+

) from water, 

determining the optimal pH conditions and underlying adsorption mechanisms. The findings reveal that biochar produced 

through solar pyrolysis exhibits similar properties and Cu
2+

 adsorption capacities to those prepared by traditional methods. 

Specifically, cow dung biochar demonstrated a higher adsorption capacity for Cu
2+

 compared to corn straw biochar. The Cu
2+

 

adsorption by corn straw biochar followed the Langmuir isothermal adsorption model and pseudo-second-order kinetic equation, 

whereas cow dung biochar conformed to the Freundlich isothermal adsorption model and pseudo-second-order kinetic equation. 

By demonstrating the comparable efficacy of solar pyrolysis biochar in heavy metal adsorption, this study highlights its potential 

for sustainable environmental remediation and biomass utilization. 

Keywords 

Biochar, Solar Pyrolysis, Wastewater Treatment, Copper Pollution, Adsorptive Removal 

 

1. Introduction 

With the development of industrialization, industries such as 

mining, electroplating, and metal processing generate substan-

tial amounts of acidic wastewater annually [1]. The concentra-

tion of copper ions in each liter of wastewater can range from 

dozens to hundreds of milligrams, posing serious pollution 

problems if untreated wastewater is discharged into natural 
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water bodies [2, 3]. Free Cu
2+

 in natural water is widely con-

sidered toxic to aquatic organisms. While trace amounts of 

copper are essential for life, excessive copper is harmful to 

humans, animals, and plants. It leads to ecological imbalances, 

copper poisoning in aquatic organisms, and the bioaccumula-

tion of high copper concentrations in the food chain, ultimately 

affecting human safety [4]. To control copper pollution, China 

has set the maximum allowable discharge concentration of 

copper and its compounds in industrial wastewater at 1 mg/L. 

Adsorption is an effective method for treating heavy metal 

wastewater [5]. Biochar is considered a green, environmen-

tally friendly adsorbent due to its porous structure, large spe-

cific surface area, and abundant functional groups on the 

surface [6, 7]. These characteristics enable biochar to effec-

tively remove toxic metal ions and other contaminants from 

water, with its raw materials being widely and cheaply 

sourced [8]. The specific surface area, pore size distribution, 

ion exchange capacity, and molecular composition of biochar 

are primarily associated with the pyrolysis parameters used in 

its preparation. These parameters include pyrolysis tempera-

ture, pyrolysis time, and heat transfer rate. Different pyrolysis 

process parameters yield biochar with varying properties [9]. 

Biochar used in water treatment is typically prepared 

through slow pyrolysis, which produces biochar with a larger 

specific surface area and better-developed pore structure, 

facilitating contaminants. Traditional pyrolysis technology 

relies on electric heating to provide the necessary heat for the 

biomass pyrolysis process, leading to high energy consump-

tion, high pollution, and increased production costs. These 

factors hinder the widespread application of biochar as an 

adsorbent material [10, 11]. 

Solar pyrolysis technology uses biomass as the reactant and 

solar energy to provide heat during the high-temperature 

pyrolysis reaction. Compared to traditional pyrolysis tech-

nology, solar pyrolysis reduces energy consumption and en-

vironmental pollution, making it a novel technology for en-

ergy conservation and environmental protection [12]. How-

ever, there are few studies on the preparation of biochar by 

solar pyrolysis, with most research focusing on the use of 

biochar as a biofuel rather than its application in environ-

mental remediation. 

This study aims to use solar energy for the pyrolysis of corn 

straw and cow dung to prepare biochar, comparing it with 

biochar produced by traditional methods. A series of physi-

cochemical methods are used to analyze the properties of 

biochar prepared by solar pyrolysis and compare them to 

biochar prepared using a traditional tube furnace. Additionally, 

the adsorptive capacity of biochar for heavy metal ions, par-

ticularly Cu
2+

, from water is evaluated. Factors such as the 

initial concentration of Cu
2+

, contact time, and solution pH are 

investigated to understand their impact on adsorption behav-

ior and mechanism. Isothermal adsorption models are used to 

characterize the adsorption process, and the experimental data 

are kinetically validated. Additionally, the effect of pH on the 

surface charge distribution of biochar and the presence of 

heavy metal ions is discussed. 

Finally, this study verifies the feasibility of solar pyrolysis in 

biochar preparation, understands the adsorption mechanism of 

Cu
2+

 by corn straw and cow dung biochar, and provides new 

insights for the production of energy-saving and environmen-

tally friendly biochar and the utilization of biomass waste. 

2. Methodology 

2.1. Solar Pyrolysis System 

We designed and constructed a solar pyrolysis system in-

tegrating a concentrated radiation system with a thermo-

chemical biomass conversion system. This system comprises 

three main components: a solar concentrator, a tubular reactor, 

and a solar tracking system (Figure 1). The trough parabolic 

concentrator, coated with a silver-mirror surface, focuses solar 

radiation in a straight line. The reactor, consisting of an 

evacuated collector tube, absorbs solar radiation and converts 

it into heat energy. 

 
Figure 1. Solar pyrolysis device. 

2.2. The Preparation of Biochar 

The raw materials used were corn straw and cow dung. 

Corn straw was collected from farmland in Heze, Shandong 

province, and cow dung from a farm in Zhoukou, Henan 

province. Elemental analyses of these materials are presented 

in Table 1. Both raw materials were rinsed several times with 

distilled water, oven-dried at 105°C (Electrothermal blowing 

dry box, DHG-9023A, Shanghai Jinghong) until constant 

weight, and crushed to 35 mesh size. Subsequently, they un-

derwent to pyrolysis for 2 hours at 450°C using solar pyroly-

sis installation (Photovoltaic heat pipe combination, HGC- 

0.8/6.5 Kz, Shandong Huangmin) and a tube furnace (Tubular 

furnace atmosphere, SLG1200-60, Shanghai). After cooling 

to room temperature, the biochar was stored in a desiccator. 

The biochar from solar pyrolysis was labeled SJ450 (corn 

stalk) and SN450 (cow dung), while biochar from the tubular 

furnace was labeled CJ450 and CN450, respectively. 
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Table 1. Proximate analysis and elemental analysis of raw materials. 

Analysis item 

Proximate analysis (wt.% db) Elemental analysis (wt.% db) 

Produce area 

FC A VM C H O N 

Corn stalk 20.7 4.67 71.54 44.02 5.82 43.65 1.52 Heze, Shangdong 

Cow dung 13.9 36.4 49 33.17 2.80 25.28 2.31 Zhoukou, Henan 

Note: FC, A and VM refer to fixed carbon, ash and volatile content respectively, and db is oven-dry basis. 

2.3. The Characterization of Biochar 

We determined the biochar composition, including carbon 

(C), oxygen (O), hydrogen (H), and nitrogen (N) content, 

using an Element analyzer (Elementar Vario EL Cube, Hanau, 

Germany). Industrial analysis followed the ASTM D 3172 

standard, quantifying volatile matter, fixed carbon, and ash 

content. The volatile matter was measured by weight loss after 

heating at 950°C for 10 minutes, while ash content was de-

termined after 6 hours at 750°C. The fixed carbon was cal-

culated by subtracting the volatile matter and ash from the 

total mass. 

For morphological characterization, we used a field emis-

sion scanning electron microscope (SU8200, HITACHI, Ja-

pan) to observe surface morphology and structure. The spe-

cific surface area and pore diameter were measured using the 

Brunner-Emmet-Teller method and an N2 adsorption appa-

ratus (ASAP2460, Micromeritics, USA). Functional groups 

on the biochar surface were analyzed using a Fourier infrared 

spectrometer (FT-IR TENSOR 27, Bruker, USA). 

2.4. Adsorption of Cu
2+

 by Biochar 

We conducted batch equilibrium experiments to assess the 

adsorptive capacity of biochar for Cu
2+

 ions. A solution of 

Cu(NO3)2·3H2O was prepared at various concentrations. Corn 

straw and cow dung biochar samples (0.1000 g - 0.0005 g) 

were added to these solutions, with 0.01 mol/L NaNO3 as the 

background electrolyte. Each experimental setup included 

parallel blank tests using distilled water (biochar + H2O). The 

concentration of Cu²⁺ in the solutions was determined using 

inductively coupled plasma mass spectrometry (ICP-MS 

Nexlon 350X, PerkinElmer). 

2.4.1. Effect of pH on Adsorption 

Weighed biochar samples were placed in 100 mL conical 

flasks containing 100 mL of 50 mg/L Cu
2+

 solution, with 0.1 

mol/L NaNO₃ as the background electrolyte. The pH was 

adjusted to 1, 2, 3, 4, 5, and 6 using 0.1 mol/L NaOH and 

HNO3 solutions. The reaction solution in the flasks were 

stirred at 150 r/min for 24 hours at 25±3°C, then centrifuged at 

4000 r/min for 10 minutes. The supernatant was filtered to 

determine the Cu
2+

 concentration. The adsorption capacity (qe, 

mg/g) of biochar for Cu
2+

 was calculated using Equation (1). 

𝑞𝑒 =
(𝑐0−𝑐𝑒)𝑉

𝑚
                  (1) 

where 𝑐0  and 𝑐𝑒  are the initial and equilibrium concentra-

tions of Cu
2+

 (mg/L), V is the solution volume (L), and m is 

the mass biochar used (g). 

2.4.2. Adsorption Isothermal Test 

Cu
2+

 solutions with concentrations of 20, 40, 80, 120, 150, 

and 200 mg/L were prepared. The solutions were stirred at 

150 rpm for 24 hours at 25°C, followed by centrifugation and 

filtration to determine the Cu
2+

 concentration. The adsorption 

isotherms for the uptake of Cu
2+

 at 25°C for the two types of 

biochar were fitted using the Langmuir and Freundlich mod-

els, as described in Equations (2) and (3). 

𝐶𝑒

𝑞𝑒
=

1

𝑏∗𝑞𝑚
+ 𝐶𝑒/𝑞𝑚               (2) 

𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝐾𝑓 +
1

𝑛
∗ 𝑙𝑛 𝐶𝑒            (3) 

where 𝐶𝑒 is the equilibrium concentration of Cu
2+

, 𝑞𝑒 is the 

adsorption capacity at equilibrium (mg/g), b is the affinity 

constant, 𝑞𝑚 is the maximum adsorption capacity, 𝐾𝑓 is the 

Freundlich constant (mg/g), and n is the adsorption intensity. 

2.4.3. Adsorption Kinetics Test 

A 100 mL solution with initial Cu
2+

 concentration of 50 

mg/L was used, with samples taken at various time intervals 

(15, 30, 60, 120, 240, 480, 960, 1440, 2880 min) at 25±3°C 

and 150 r/min for 24 h. The adsorption kinetics were analyzed 

using pseudo-first-order (Equation 4), pseudo-second-order 

(Equation 5), and intra-particle diffusion (Equation 6) to 

compare the adsorption rates and mechanisms of the two 

biochar types. 

qt=qe(1-e
-k1t

)                  (4) 

http://www.sciencepg.com/journal/earth
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;


Earth Sciences http://www.sciencepg.com/journal/earth 

 

154 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                   (5) 

qt=kipt
1/2

+C                   (6) 

where 𝑞𝑡  is the amount of metal ions adsorbed at time t 

(mg/g), 𝑞𝑒 is the amount of metal ions adsorbed at equilib-

rium (mg/g), k1 is the pseudo-first-order rate constant (L/min), 

k2 is the pseudo-second-order rate constant (g•mg
-1

•min
-1

), 

and Kip is the intraparticle constant (mg·(g·min
0.5

)
-1

). 

3. Result and Discussion 

3.1. Thermogravimetric Analysis of Biomass 

To determine the optimal temperature conditions for bio-

mass pyrolysis to produce biochar, we conducted thermo-

gravimetric and differential thermogravimetric analyses on 

corn stalks and cow dung. Biomass typically contains cellu-

lose, hemicellulose, and lignin, each exhibiting distinct py-

rolysis characteristics. Hemicellulose primarily decomposes 

between 210°C and 370°C, cellulose between 260°C and 

410°C, and lignin within a broader range of 200°C to 600°C. 

The relatively stable structure of lignin results in car-

bon-based solid products post-pyrolysis, with the remaining 

solid mass stabilizing after temperatures exceed 400°C [13]. 

Corn stalks comprise cellulose, hemicellulose, and lignin [14], 

while cow dung mainly consists of undigested lignin and 

cellulose [15]. 

As illustrated in Figure 2, the pyrolysis process for both 

materials can be divided into three distinct stages. The first 

stage is the dehydration and drying phase (30-130°C), char-

acterized by a single weight loss peak due to the evaporation 

of water and minor volatile substances. The second stage, 

occurring between 210°C and 410°C, is the main pyrolysis 

phase, where significant degradation of organic matter, such 

as cellulose and hemicellulose, takes place. During this phase, 

corn straw exhibit a weight loss of approximately 70%, while 

cow dung shows a weight loss of about 35%. According to the 

differential thermogravimetric (DTG) curve, the maximum 

weight loss rate for corn straw occurs at 330°C, and for cow 

dung, it occurs at 310°C. The final stage is the carbonization 

phase, occurring above 450°C, where the raw materials un-

dergo further pyrolysis with minimal heat loss, resulting in 

approximately 10% weight loss. During this stage, the carbon 

and ash content in the solid biochar increase. The high ash 

content and low volatile content in cow dung contribute to its 

higher residual mass post-pyrolysis. 

 
Figure 2. TG and DTG analysis of biomass material: (a) corn straw, 

(b) cow dung. 

3.2. SEM Analysis 

Scanning electron microscopy (SEM) images reveal sig-

nificant differences in the surface morphology of biochar 

prepared from corn straw and cow dung at 450°C (Figure 3). 

The surface morphology of biochar produced from different 

raw materials at the same pyrolysis temperature varies con-

siderably. Biochar derived from corn straw exhibits a porous 

structure, primarily due to the different decomposition tem-

peratures of its cellulose, hemicellulose, and lignin compo-

nents. These components decompose and release volatile 

gases, creating a porous surface morphology [16]. In contrast, 

cow dung biochar displays a granular structure, largely due to 

ash accumulation, and features relatively undeveloped pore 

structures [17]. 
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Figure 3. SEM images of biomass before and after different pyroly-

sis processes. 

3.3. FTIR Characteristics 

Fourier-transform infrared spectroscopy (FTIR) was em-

ployed to evaluate the impact of different pyrolysis methods 

and raw materials on the functional groups present on the 

surface of biochar. The characterization tests conducted on 

samples before and after pyrolysis revealed that the functional 

groups in biochar are similar across different preparation 

methods. The results, shown in Figure 4, indicate that the 

characteristic absorption peaks of the samples remain largely 

consistent, suggesting that the functional groups contained 

within the biochar are similar. Additionally, the amplitude of 

absorption peak vibrations in biochar produced by different 

methods is relatively comparable, indicating minimal differ-

ences in functional group content. 

Several key changes were observed: 

1) The absorption peak at a wave number of 3400 cm-¹, 

associated with the O-H stretching vibration of water mole-

cules, disappears after pyrolysis due to water dispersion dur-

ing the process [18]. 

2) The absorption peak at 2918-2925 cm-¹, attributed to the 

C-H stretching vibration of aliphatic carbon chains in cellu-

lose and other polymers, significantly decreases in corn straw 

biochar and disappears in cow dung biochar post-pyrolysis. 

3) The absorption peak at 1637-1648 cm-¹, corresponding 

to the C=O stretching vibration, and the peak at 1418-1421 

cm-¹, related to aromatic carbon C=C stretching vibration [19], 

both decrease in intensity post-pyrolysis. This suggests the 

decomposition of carboxyl, carbonyl, and ester groups, with 

corn straw biochar showing increased aromatization and cow 

dung biochar displaying accumulation of mineral compo-

nents. 

4) The absorption peak at 1043-1045 cm
-
¹, primarily gen-

erated by C-O-C and C-H bond stretching vibrations, signif-

icantly weakens after the pyrolysis of corn straw [20]. 

 
Figure 4. FTIR spectra of corn straw (a) and cow dung (b) and their 

corresponding biochar. 

3.4. BET Analysis 

To further compare the structural characteristics of biochar 

produced by solar pyrolysis and traditional pyrolysis, we 

used the Brunauer-Emmett-Teller (BET) method to analyze 

the specific surface area and pore diameter of the biochar. 

Table 2 presents the data on the pore characteristics of bio-

char prepared by both methods, including specific surface 

area, total pore volume, and average pore diameter. The re-

sults show minimal differences in the pore characteristics of 

biochar produced by solar pyrolysis compared to traditional 

methods [21-23]. However, significant differences are ob-

served in the pore structures of biochar derived from differ-

ent raw materials. 

Biochar produced from corn straw has a significantly 

higher specific surface area and total pore volume than bio-

char produced from cow cow dung, with a smaller average 

pore diameter. This indicates a more developed pore struc-

ture in corn straw biochar, consistent with the SEM results. 

The continuous escape of volatiles generated by the decom-
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position of cellulose, hemicellulose, and other substances in 

corn straw during pyrolysis leads to an increase in the num-

ber of internal pores and, consequently, a larger specific sur-

face area. In contrast, cow dung contains a higher content of 

inorganic minerals, which negatively correlate with specific 

surface area. The melting of these minerals at high tempera-

tures fills the pores in the biochar, resulting in a loss of spe-

cific surface area [24]. 

Table 2. Pore structures and yields of biochar. 

Samples 
SBET 

(m2/g) 

Vtotal 

(mL/g) 

Average 

pore size 

(nm) 

Agricultural 

productivity  

(%) 

SJ 29.4454 0.046928 6.1463 32.8 

CJ 30.7176 0.069178 7.3343 30.8 

SN 8.3480 0.0226 8.8208 57.7 

CN 10.7157 0.0214 8.0954 56.7 

3.5. Effect of pH on Adsorption of Cu
2+

 

To investigate the effect of initial pH on the adsorption of 

Cu
2+

 by biochar, we conducted adsorption experiments with 

Cu
2+

 solutions at pH values ranging from 1.0 to 6.0. Figure 5 

shows that the initial pH significantly impacts the adsorption 

of Cu
2+

 by biochar. The adsorption capacity of both types of 

biochar increased as the pH ranged from 1.0 to 6.0. The dif-

ference in Cu
2+

 adsorption between the two biochars under 

varying pH conditions was minimal. However, the adsorp-

tion capacity of corn straw biochar changed more signifi-

cantly between pH 1 and 4, while cow dung biochar showed 

a gradual increase in adsorption capacity above pH 3. 

 
Figure 5. Effect of solution pH on adsorption effect. 

The influence of pH on adsorption is primarily due to its 

effect on the surface properties of biochar and the chemical 

form of metal ions in solution [25]. At pH values below 5, 

Cu
2+

 is the predominant species. Lower pH results in higher 

H
+
 concentrations, leading to competition between H

+
 and 

Cu
2+

 for binding sites on the biochar surface, thereby reduc-

ing adsorption capacity. At pH values of 5 and above, 

Cu(OH)
+
 becomes the dominant species. As pH increases, H

+
 

concentration decreases, and the biochar surface becomes 

increasingly electronegative, enhancing electrostatic attrac-

tion to Cu(OH)
+
. When pH continues to rise, Cu(OH)2 forms, 

and Cu
2+

 is gradually converted into insoluble hydroxide 

precipitates, favoring the adsorption of Cu
2+

 by both corn 

straw and cow dung biochar. 

3.6. Adsorption Isotherm 

Adsorption experiments were conducted to obtain iso-

thermal adsorption properties of biochar for Cu
2+

 under dif-

ferent initial concentrations. As shown in Figure 6, the ad-

sorption capacity of biochar for Cu
2+

 increased rapidly with 

the initial concentration, then stabilized. Biochar prepared by 

solar pyrolysis showed similar adsorption effects for Cu
2+

 

compared to biochar produced by traditional pyrolysis 

methods. 

To evaluate the maximum adsorption capacities of the bi-

ochars for Cu
2+

, and to further analyze the adsorption char-

acteristics, the Langmuir and Freundlich models were used to 

fit the experimental data. The fitting results are presented in 

Table 3. For corn straw biochar (SJ and CJ), the Langmuir 

model exhibited a higher correlation coefficient (R² > 0.95) 

than the Freundlich model, with maximum adsorption capac-

ities of 13.52 mg/g and 14.30 mg/g, respectively. The param-

eter n, which indicates the affinity of biochar binding sites, 

was higher for CJ than SJ (n = 8.16 and 6.92, respectively), 

suggesting that CJ has a higher affinity Cu
2+

, with monolayer 

adsorption being predominant. 

For cow dung biochar (SN and CN), the Freundlich model 

showed a higher correlation coefficient (R² > 0.98) than the 

Langmuir model, indicating that Cu
2+

 adsorption mainly oc-

curs via multilayer adsorption. The Freundlich n values for 

SN and CN were 4.64 and 5.90, respectively, both greater than 

1, indicating strong interactions between the adsorbent and 

metal ions. The adsorption capacity of cow dung biochar for 

Cu
2+

 was better than that of corn straw biochar. Additionally, 

Table 4 compares the Cu
2+

 removal efficiencies of biochar’s 

derived from corn straw and cow dung via solar pyrolysis with 

various other biochar’s reported in the literature. The superior 

maximum removal capacities observed for corn straw and 

cow dung biochar’s highlight their potential for practical 

applications in environmental remediation. 
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Figure 6. Adsorption isotherms of Cu2+ on biochars. 

Table 3. Best-fit parameters for isotherm models of Cu2+ sorption onto biochars. 

Biochar Adsorption isotherm Parameter1 Parameter2 R2 

SJ 
Langmuir qm=13.52 K=0.22 0.996 

Freundlich n=6.92 Kf=0.15 0.858 

CJ 
Langmuir qm=14.30 K=0.45 0.959 

Freundlich n=8.16 Kf=0.12 0.898 

SN 
Langmuir qm=17.48 K=0.09 0.884 

Freundlich n=4.64 Kf=0.26 0.985 

CN 

Langmuir qm=17.77 K=0.17 0.76 

Freundlich n=5.90 Kf=0.22 0.980 

Table 4. Compares the Cu²⁺ removal efficiencies of biochar’s derived from corn straw and cow dung via solar pyrolysis with various other 

biochar’s reported in the literature. 

Biomass for biochar 

Pyrolysis Conditions 

Adsorption capacity (mg/g) Reference 

Temperature (°C) Time (min) 

Corn straw 600 120 12.5 
[26] 

Hardwood 450 120 6.8 

Scots pine 700 45 1.9 [27] 

Pine sawdust 550 120 3.0 [28] 

Tea waste+Sewage sludge 300 120 16.4 [29] 

Switchgrass 300HTC 30 4.0 [30] 

Pig manure 400 120 12.72 
[31] 

Pig manure 700 120 9.1 

pinewood sawdust 700 120 8.9 [32] 

Softwood (Pine) 700 30 1.47 [33] 
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Biomass for biochar 

Pyrolysis Conditions 

Adsorption capacity (mg/g) Reference 

Temperature (°C) Time (min) 

Hardwood (Jarrah) 4.4 

Sawdust 500 - 
3.02 (as prepared) 

15.1 (Amino modified) 
[34] 

Corn Straw 

450 120 

17.5 

This study 
Cow Dung 17.8 

 

3.7. Adsorption Kinetics 

Figure 7 shows that the biochar produced via two different 

pyrolysis methods exhibited different Cu
2+

 adsorption capac-

ities at an initial concentration of 50 mg/L. More than 80% of 

the total adsorption occurred within the first 8 hours, with the 

rate of adsorption gradually decreasing until equilibrium was 

reached. This initial rapid adsorption can be attributed to the 

abundant pores and surface functional groups on biochar, 

which provide numerous binding sites for Cu
2+

 ions. Over 

time, the number of active binding sites diminishes, and 

electrostatic repulsion between ions increases [35], slowing 

down the adsorption process until equilibrium is achieved 

[36]. 

  

  

Figure 7. Kinetic data and fitting model of adsorption of Cu2+ by biochar in aqueous solution. 

To analyze the adsorption rate changes, we applied pseudo 

first- and second-order kinetics, and intra-particle diffusion 

equations to the experimental data. Table 5 shows that the 

pseudo second-order kinetic equation provided a better fit for 
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the adsorption data of Cu
2+

 by all four types of biochar com-

pared to the pseudo first-order kinetic and intra-particle dif-

fusion equations. The second-order kinetic model effectively 

describes the entire adsorption process, including external 

liquid film diffusion, internal particle diffusion, and surface 

adsorption, offering a comprehensive view of the kinetic 

mechanism. The diffusion equation fitting indicated a faster 

initial rate of Cu
2+

 ion diffusion to the biochar surface, which 

significantly slowed down as the copper ion concentration 

decreased. As for the intra-particle diffusion model, fitted line 

did not pass through the origin, it suggests that intra-particle 

diffusion is not the sole rate-controlling step; other processes 

also influence the adsorption reaction rate [37]. 

Table 5. Fitting data of four kinetic models of adsorption of Cu2+ by biochar. 

Biochar 

pseudo-first order pseudo-second order intra-particle diffusion 

k1 qe R2 k2 qe R2 kip C R2 

SJ 0.094 13.54 0.9513 0.048 13.72 0.9985 3.963 1.375 0.9562 

CJ 0.105 14.19 0.9714 0.038 14.65 0.9986 3.927 1.154 0.9794 

SN 1.103 17.20 0.9452 0.037 17.68 0.9986 4.810 1.365 0.9622 

CN 0.114 17.33 0.8525 0.033 17.96 0.9967 3.665 2.554 0.9836 

 

4. Conclusion 

In this study, biochar was produced from two different 

biomass materials using two pyrolysis methods. Under 

identical pyrolysis conditions, cow dung biochar (SN, CN) 

demonstrated a stronger ability to remove Cu
2+

 from aque-

ous solutions compared to corn straw biochar (SJ, CJ). The 

adsorption of Cu
2+

 by cow dung biochar aligned more with 

the Freundlich model, indicating primarily multilayer ad-

sorption. Conversely, the Cu
2+

 adsorption by corn straw 

biochar better fit the Langmuir model suggesting monolayer 

adsorption. 

The adsorption kinetics data revealed two stages in the 

adsorption process: a fast initial reaction followed by a slower 

phase. The initial stage, dominated by Cu
2+

 diffusion, reached 

equilibrium quickly. The pseudo-second-order kinetic model 

best described the adsorption kinetics of all four biochar types, 

indicating that the adsorption rate is primarily controlled by 

chemical adsorption. 

Comparing the two pyrolysis methods, biochar produced 

via solar pyrolysis (SJ, SN) had slightly lower Cu
2+

 adsorption 

performance than biochar produced via traditional pyrolysis 

(CJ, CN). However, solar pyrolysis offers economic and en-

vironmental benefits, such as not consuming fossil fuels or 

producing additional pollution, which makes it a 

cost-effective and sustainable technology for biomass pyrol-

ysis. This method holds promise for future applications in 

water treatment, offering advantages in energy conservation 

and environmental protection. 

Abbreviations 
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N Cow Dung 
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