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Hydrometallurgical recycling of metals from waste electrical and electronic equipment 

(WEEE) generates strongly acidic leachates with multi-metals. Due to the complexity of real 

WEEE leachates, simulated acidic single-metal solutions were used in this study. Birch bark, 

a forestry by-product, was modified using potassium permanganate (KMnO4) to produce a 

green and affordable adsorbent for lead (Pb) and cadmium (Cd) removal. The optimized 

adsorption conditions were determined using response surface methodology (RSM) with 

Box-Behnken design (BBD).  

Under the optimized conditions, the adsorption kinetics of both Pb and Cd were better fitted 

by the pseudo-second order (PSO) model, while the Freundlich model offered the best fit 

among the three isotherm models (the Langmuir, Freundlich, and Sips model). The 

maximum adsorption capacities of Pb and Cd were 140.7 mg g-1 and 39.9 mg g-1 fitted by 

the Sips model, showing the potential of modified birch bark as an adsorbent. 

Characterization analyses, including Attenuated Total Reflectance-Fourier Transform 

Infrared Spectroscopy (ATR-FTIR), the pH point of charge (pHpzc), and Scanning Electron 

Microscopy coupled with Energy-Dispersive Spectroscopy (SEM-EDS), indicated the 

adsorption mechanisms involved the electrostatic interactions and ion exchange.   
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1  Introduction 

The widespread utilization of electrical and electronic equipment (EEE) has produced large 

amounts of e-waste in recent decades. Furthermore, the decline in repair and reuse practices 

is exacerbating the waste electrical and electronic equipment (WEEE) problem. The Global 

E-waste Monitor 2024 (UNITAR & ITU, 2024) predicts the global WEEE generation rise 

from 62 Mt in 2022 to 82 Mt by 2030. The growing amount of WEEE requires stricter 

management to avoid risks to ecosystems. 

To mitigate these risks and recover valuable materials from WEEE, the European Union 

(EU) published the WEEE Directive (2012/19/EU), establishing collection target relied on 

the amount of EEE in the market. The directive set a collection target of 45% from 2016 and 

increase to 65% from 2019 onward. Although the EU has achieved globally leading 

collection and recycling rate, only three Europe countries (Bulgaria, Slovakia, and Latvia) 

met the ambitious 65% target in 2023, as shown in Figure 1-1. In addition, four EU Member 

States (Denmark, Hungary, Luxembourg, and Poland) choose the alternative “WEEE 

generated” method to calculate their collection rates, under which only Poland achieved the 

setting target of 85% (Eurostat., 2025).  

 

Figure 1-1. Total WEEE collection rate in 2023 (Eurostat., 2025). 
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WEEE contains a wide range of compounds, particularly valuable metals, like rare earth 

elements (REE), precious metals, and critical metals. Since metal concentrations in WEEE 

are higher than in natural ores, WEEE recycling is referred as “urban mining”. However, 

despite its high content of valuable materials, the complex composition of WEEE has 

significant challenges for efficient recovery processes. 

To recover valuable metals from WEEE and conserve natural mineral resources, various 

recovery technologies have been developed (Kaya, 2018). Among these technologies, 

hydrometallurgy has become increasingly popular in industry because it is energy efficient, 

operates under ambient conditions, and generates fewer toxic gas emissions compared with 

pyrometallurgical processes. The hydrometallurgical process involves two main steps: 

leaching and metal recovery. During the leaching step, metals are dissolved into leaching 

solutions, while in the recovery step, the dissolved metal compounds are recovered from the 

solutions (Rene et al., 2021). Among various leaching available, inorganic acids such as 

HNO3, HCl, and H2SO4 are most used because of their high leaching efficiency, low cost, 

and operational simplicity (Yu et al., 2022). Bas et al. (2014) reported that high 

concentration of HNO3 achieved Cu leaching efficiency of 88.5–99.9 % and Ag leaching 

efficiency of 68 %. In addition, Cu, Ni, Zn and Fe can be almost completely recovered using 

H2SO4 under pressure of 2 MPa and temperature of 120℃ (Kumari et al., 2016).  

However, hydrometallurgy using inorganic acids also presents significant challenges, 

particularly the generation of hazardous and strongly acidic solutions containing multiple 

heavy metals. Among them, lead (Pb) and cadmium (Cd) deserve particular attention as high 

toxicity and environmental persistence. The objective of this thesis was to develop a 

sustainable birch bark-derived adsorbent for Pb and Cd adsorption from single-metal acidic 

solutions. Potassium permanganate (KMnO4) was employed to modify the adsorbent, 

thereby enhancing its adsorption performance. The optimized adsorption conditions were 

obtained from Response surface methodology (RSM) coupled with Box–Behnken design 

(BBD). Under the optimized conditions, behaviors and mechanisms of the adsorption were 

investigated for evaluating the adsorption performance of the modified birch bark adsorbent.  
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2  Lead and cadmium in WEEE 

Currently, the EU has restricted the use of Pb and Cd in EEE. However, because these metals 

have unique physicochemical properties, it remains hard to find alternatives that can 

completely replace them in EEE applications. 

Lead (Pb) is mainly present in printed circuit boards (PCBs), cathode-ray tube (CRT) glass, 

and lead-acid batteries (LABs) (Li et al., 2023). Owing to its low melting point, cost-

effective, and high chemical stability, suitable alternatives to Pb remain limited. With the 

rapid growth of electronic consumption, the recovery of Pb from WEEE has played an 

increasingly important role as a secondary lead resource since 2000. Figure 2-1 shows the 

global lead reserves and the distribution of lead among different categories of WEEE. 

However, despite its economic value, Pb has serious risks to humans and environment. It is 

well established that lead exposure can cause neurological disorders, liver damage, immune 

dysfunction, and even carcinogenic outcomes (Ahmaruzzaman, 2011).  

 

Figure 2-1. Global lead reserve and lead in WEEE (Li et al., 2023). 

Cadmium (Cd) also has properties of low melting and boiling points and is widely used in 

batteries, anticorrosive coating, and solar cells. More than 70% of refined Cd is used in 

nickel-cadmium (Ni-Cd) rechargeable batteries because these batteries are cost-effective and 

maintain stable performance under both low and high temperature conditions. In addition, 
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alloys and anticorrosive coatings use Cd as its high ductility and chemical stability, 

particularly under extreme conditions. The incorporation of Cd into alloys can significantly 

reduce the melting point of metals, enabling utilization in aerospace fields, photovoltaic 

technologies and other industrial fields (Hasanuzzaman et al., 2019). Therefore, Cd is 

inevitably released into the air, water, and soil during its production, application, and 

disposal processes. Cd exposure can cause severe kidneys and liver damage, impair vision 

and hearing, and affect the skeletal and cardiovascular systems (B et al., 2022). 
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3  Adsorption for lead and cadmium removal 

A wide range of technologies have emerged for capturing Pb metal ion (Pb2+) and Cd metal 

ion (Cd2+) from aqueous solutions. These technologies can be classified into conventional 

technologies (e.g., adsorption, ion exchange, and chemical precipitation), and emerging 

technologies (e.g., membrane filtration, biosorption, photocatalysis, and electrodialysis).  

Chemical precipitation is the most mature technology for Pb2+ and Cd2+ removal, in which 

dissolved Pb2+ and Cd2+ are converted into insoluble precipitates, and then separated from 

solutions. Adsorption depends on physical interactions or chemical bonding between 

adsorbents and Pb2+, Cd2+ ions. Ion exchange involves replacing Pb2+ and Cd2+ with harmless 

ions, such as hydrogen ions (H+) or sodium ions (Na+). Membrane filtration separates Pb2+ 

and Cd2+ from solutions using pressure-driven membrane systems. Electrochemical methods 

eliminate Pb2+ and Cd2+ through redox reactions occurring at the anode and cathode under 

an applied external voltage. Biosorption utilizes natural and inactive biomass, such as algae, 

fungi, and bacteria, to capture Pb2+ and Cd2+ from wastewater. Photocatalytic methods use 

light and a photocatalyst (e.g., TiO2) to induce redox reactions that degrade or remove Pb2+ 

and Cd2+ from wastewater (Dhandole et al., 2020). 

Each technology offers its advantages and limitations, depending on factors such as technical 

maturity, cost effectiveness, and operational complexity (Qasem et al., 2021; Qiu et al., 

2021). The methods mentioned above are compared in Table 3-1. Adsorption has received 

considerable attention as its ease of operation, environmental friendliness, excellent 

performance, and low cost.  
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Table 3-1. Comparison between different Pb2+ and Cd2+ removal methods. 

 

Note: The evaluation index is in ascending order: Lower, Low, High, Higher, and Mature. 

3.1  Adsorption theory 

Adsorption behaviors for heavy metal have been studied and generally involves 3 steps 

(Figure 3-1): (1) metal ions transfer from liquid to adsorbent; (2) intraparticle diffusion 

within the adsorbent; (3) adsorption on active sites of the adsorbent through physicochemical 

interactions (Shrestha et al., 2021). The different adsorbents have different adsorption 

mechanisms, causing the different adsorption behaviors. The adsorption mechanisms, 

adsorption behaviors, and affecting factors will be discussed.  
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Figure 3-1. The three steps of adsorption process (Rajandran et al., 2025). 

3.1.1  Mechanisms 

Adsorption mechanisms involve physisorption and chemisorption. The physisorption 

mechanism describes the adsorption as a rapid and reversible process driven by Van der 

Waals forces and determined by the adsorbent’s properties. In contrast, chemisorption is a 

slow and irreversible process, including inner-sphere complexation, chelation, and ion 

exchange (Liu et al., 2022; Zhang et al., 2020). Besides the above adsorption mechanisms, 

adsorption may also occur through surface precipitation and redox processes (Figure 3-2). 

Table 3-2 presents the Pb2+ and Cd2+ adsorption mechanisms on different adsorbents. 
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Figure 3-2. Adsorption mechanisms of Pb2+ and Cd2+ (Zhang et al., 2020). 

Table 3-2. Adsorption mechanism on different adsorbents for Pb2+ and Cd2+. 
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3.1.2  Kinetics 

Adsorption kinetics describes the adsorption rate, which is governed by mass transfer, pore 

diffusion, and surface-active adsorption. Four adsorption kinetic models, intraparticle 

diffusion (IPD), pseudo-first order (PFO), pseudo-second order (PSO), and Elovich models 

are developed to fit the experimental data. Table 3-3 includes the four equations and relevant 

parameter definitions. 

The PFO model relied on the adsorbent’s surface-active site population and is mainly related 

to physisorption (Mercado-Borrayo et al., 2014). In contrast, the PSO model is attributed to 

the chemisorption between the adsorbent and adsorbate relied on electron exchange.  

When the PFO and PSO models cannot explain the adsorption mechanism, the IPD model 

further clarifies the diffusion process, including both external and internal diffusion. When 

the boundary diffusion constant 𝑐 of IPD model is 0, internal diffusion is the rate-limiting 

step. When 𝑐 > 0, both internal and external diffusion contribute to the rate-limiting steps 

(Molina-Calderón et al., 2022).  

The Elovich equation is also chemical adsorption process, which assumes the adsorption 

sites are energetically heterogeneous, making it suitable for describing the adsorption 

process at a low surface occupation. This model represents multilayer adsorption, in which 

activation energy increases exponentially as adsorption progress.  

Table 3-3. The adsorption kinetic model, equation and parameter. 
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Table 3-4 summarizes the kinetic model fitting results for Pb2+ and Cd2+ adsorption reported 

in the articles. The results indicate that the PSO model generally provides the best fit. 

Table 3-4. Summary of Pb2+ and Cd2+ adsorption kinetics model fitting results.  
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3.1.3  Isotherms 

Adsorption isotherms measure the adsorption performance of the adsorbent. In general, the 

Langmuir and Freundlich theories are regarded as the most suitable theories to explain 

adsorption (N’diaye and Kankou, 2020). The Langmuir theory involves four assumptions: 

(1) uniform adsorption energy on adsorbent surface; (2) monolayer surface adsorption; (3) a 

reversible adsorption process; and (4) no intermolecular interactions between adsorbed 

species (Mahdavi et al., 2025).  

Because the Langmuir theory cannot describe all adsorption behaviors. The Freundlich 

theory is thus introduced, based on assumptions that differ from those of the Langmuir 

theory. The assumptions include multi-site nonideal adsorption, heterogeneous surface area, 

and adsorption site energy heterogeneity. Moreover, the Sips model is developed to account 

for both homogeneous and heterogeneous surfaces, bridging the Langmuir and Freundlich 

isotherms through parameter n. When 𝑛 = 1, it equals the Langmuir model. When 𝑛 → 0, it 

becomes the Freundlich model (Vaghetti et al., 2009). Table 3-5 includes their equations 

and parameter definitions. 

Table 3-5. Equation and parameter definitions of isotherm model. 

 

The maximum adsorption capacity (𝑄max) is utilized to compare the adsorption performance 

between different adsorbents. Since adsorption is reversible and dynamic process, saturation 

is hard to achieve. Therefore, 𝑄max is usually estimated from isotherm models instead of 

measured directly. The Langmuir and Sips model can predict 𝑄max, whereas Freundlich 
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model does not assume saturation and cannot provide a theoretical 𝑄max (Vaghetti et al., 

2009).  

The 𝑄max for Pb2+ and Cd2+ are summarized in Table 3-6, along with the fitted model. It’s 

evident that Langmuir and Freundlich isotherms fit the Pb2+ and Cd2+ adsorption data well. 

Given the complexity of the adsorption process, additional theories are needed for better 

description. For instance, the Temkin and Dubinin-Radushkevich (D-R) theories, although 

these two models are used less frequently, they also can provide better fits in some certain 

cases.  
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Table 3-6. Summary of Pb2+ and Cd2+ adsorption isotherms. 

 

3.1.4  Thermodynamics 

Adsorption thermodynamics evaluate the feasibility of adsorption processes through 

enthalpy change (𝛥𝐻), Gibbs free energy change (∆𝐺), and entropy change (𝛥S). The ∆𝐺 <

0  represents the adsorption process is spontaneous. Table 3-7 presents the ∆𝐺  values 
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reported in the literature for Pb2+ and Cd2+ are below 0, indicating these adsorption processes 

are spontaneous. The 𝛥𝐻 value reflects heat exchange during adsorption process. When 

𝛥𝐻 < 0, adsorption heat is released, indicating an exothermic process. Whereas 𝛥𝐻 > 0 

indicates an endothermic process that requires heat. Table 3-7 shows the Pb2+ and Cd2+ 

adsorption are mainly endothermic, suggesting higher temperatures favor adsorption (Liu et 

al., 2022). The 𝛥S value reflects changes in system disorder during adsorption (Liu et al., 

2022). The positive 𝛥S values indicate the increased freedom during adsorption process, 

confirming the spontaneous of the process. 

The related equations are as follows: 

∆𝐺 = −𝑅𝑇 𝐼𝑛 𝐾              (3-1) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                            (3-2)                                   

𝐼𝑛 𝐾 = −
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
                            (3-3) 

where R is the universal gas constant (8.314 J mol-1 K-1), T represents the absolute 

temperature (K), and 𝐾 corresponds to the adsorption constant at equilibrium.   
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Table 3-7. Thermodynamic information of Pb2+ and Cd2+ adsorption. 

 

3.2  Adsorbents 

The adsorbent is undoubtedly the most essential component during the adsorption process. 

Considering eco-friendliness, cost effectiveness, and renewability, various biomaterials have 
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been investigated as adsorbents, such as fruit pods (Razak et al., 2026), nutshells (Lakshmi 

et al., 2022), and sugarcane bagasse (Liu et al., 2020), and other biomass waste. Among 

these bio-based adsorbents, tree bark has been studied as an effective adsorbent because it 

can adsorb heavy metal ions via surface groups (e.g., C-H, and C=C). Bark is generally 

regarded as a waste by-product in timber processing, especially in Finland, which has a well-

developed forest industry and wood market. Approximately 10% of wood is bark, resulting 

in millions of tons of bark are generated annually in the Finland forest industry. Therefore, 

utilizing bark for heavy metals adsorption could not only replace expensive adsorbents, but 

also improve the utilization and disposal of waste bark.  

Researchers have studied the adsorption performance of plant bark materials, including 

unmodified bark, physiochemically modified bark, and bark-derived biochar. For example, 

Ghodbane et al. (2008) washed eucalyptus bark, oven-dried it at 80 ℃ for 1 day and milled 

it into smaller particles. The prepared bark was then used to adsorb Cd2+ from water, and the 

𝑄max obtained from the Langmuir model reached 14.53 mg g-1 at conditions of 20 ℃ and 

pH 6 (Cd2+ concentration: 25-300 mg L-1, adsorption time: 2 h). Similarly, the Pinus elliottii 

bark was collected from natural sources, dried at 103 ± 2 °C for 48 h, milled into particles 

of 0.2 mm, and finally used for Pb2+ adsorption. The 𝑄max reached 12.422 mg g-1 at pH 5 

under the Langmuir isotherm (adsorption time: 3 h, Pb2+ concentration: 10-90 mg L-1) 

(Gonçalves Junior et al., 2012). 

3.2.1  Acid and alkali modifications 

To improve the adsorptive performance of bark-based adsorbents, more than 50% of the 

studies have applied various modification methods (Ighalo and Adeniyi, 2020). Among these 

methods, acid treatment is the most used modification method because it can generate more 

functional groups, increase micro-porosity and surface area. Fauzia et al. (2018) studied the 

adsorption performance of sago bark for Pb2+. They used 0.01 M nitric acid (HNO3) to treat 

bark for 2 h and the 𝑄max of modified bark reached 31.44 mg g-1. Pinus bark was treated by 

0.1 M sulfuric acid (H2SO4), which has been reported by Schwantes et al. (2018) to enhance 

Cd2+ adsorption efficiency by 14% compared with unmodified Pinus bark. Aoyama and 

Tsuda (2001) milled larch bark into 1 mm particles and modified it with HNO3 (0.1 N) 

overnight. Under conditions of 20 ℃ and pH 3, the modified bark achieved a chromium (Cr) 
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adsorption capacity of 14.9 mg g-1. Kamari and Ngah (2010) treated Shorea dasyphylla (now 

Rubroshorea dasyphylla) bark with 0.5 M hydrochloric acid (HCl) and the Langmuir model 

estimated the 𝑄max enhanced from 75.18 to 184.66 mg g-1 for Cu2+ after bark treatment. A 

similar increase was observed for Cr4+, from 18.95 to 42.72 mg g-1. 

Alkali modification methods (KOH / NaOH) have also been widely investigated. It has been 

reported that NaOH-modified Pinus bark showed increases of approximately 413% and 

259% in the 𝑄max values for Pb2+and Cd2+,  respectively (Schwantes et al., 2018). Another 

study investigated Zinc (Zn2+) removal using NaOH-modified Eucalyptus sheathiana bark. 

The results showed that NaOH modification enlarged porous size and increased surface area 

of the bark, leading to the 𝑄max increased by 121.8 mg g-1 (Afroze et al., 2016). 

Moreover, some studies combined acid and alkali modification to further improve adsorption 

performance. For example, Munagapati et al. (2010b) treated Leucocephala bark powder 

with NaOH (0.1 M) and H2SO4 (0.05 M) modification for metal ions (Cu2+, Cd2+ and Pb2+) 

adsorption. The analysis showed the three ions interacted with the surface functional 

groups. Under optimal conditions, the 𝑄max for Pb2+, Cu2+, and Cd2+ reached 185.2, 147.1, 

and 166.7 mg g-1, respectively. 

3.2.2  Metal modification 

Besides acid and alkali modifications, metal/metal oxide impregnation is also widely used 

to improve adsorption performance. Various metal-based adsorbents, such as FeOx, MnO2, 

MoS2, MgO, and CaCl2 have been reported for Pb2+ and Cd2+ removal (Zhang et al., 2020). 

Among them, manganese oxides (MnOx), which are abundant in the environment, exhibited 

excellent adsorption. MnOx modification method not only increased the abundance of 

functional groups but also provided additional active sites for adsorption (Wang et al., 2015). 

Swine biochar was treated with MnO2 to enhance its adsorption performance. The biochar 

capacity for Pb2+ adsorption increased by 140.3 mg g-1, while Cd2+ increased by 31.4 mg g-

1 after modification (Liang et al., 2017). And they revealed the physisorption, ion exchange, 

and inner sphere complexation were mechanisms of this adsorption. Tan et al. (2018) 

synthesized MnOx-coated biochar using a KMnO4 solution to enlarge the biochar’s porous 

size, functional groups and specific surface area within biochar. That study demonstrated 
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that MnOx modified biochar was a highly active adsorbent, with the 𝑄max of 305.25 mg g-1 

for Pb2+. 

3.2.3  Other modifications 

Other modifications have been developed to improve adsorption performance. H2O2 

modification provides an efficient way for treatment with minimal environmental impact 

and affordability (Xue et al., 2012). Schwantes et al. (2018) immersed pine bark in 0.1 M 

H2O2 solution and found that the H2O2 modification increased functional groups (e.g., C=O) 

within pine bark. Batch adsorption experiments observed the Pb2+ removal efficiency 

increased 11%, while Cd2+ increased 35%. 

Organic solvent modification has also been reported to enhance Pb2+ and Cd2+ adsorption. 

Organic compounds (e.g., thiourea, polyaniline, and polyvinyl alcohol) can enhance the 

abundance of surface groups (e.g., C=O and COOH) on the adsorbent. Zhu et al. (2020) 

prepared thiourea-modified poplar biochar to increase Cd2+ removal efficiency, and the 

𝑄max value reached 19.998 mg g-1. However, the large-scale application of organic solvents 

is still limited as their volatility and high cost. 

Biological modification has also been explored by loading microorganisms onto adsorbents 

to regulate surface groups, to enlarge porous structure and increase specific surface area. Xu 

et al. (2022) modified Miscanthus lutarioriparius biochar using fungi (Agrocybe aegerita) 

and bacteria (Bacillus subtilis), which significantly improved Cd2+ adsorption capacity. 

Compared with untreated biochar, an increase of 21.6 mg g-1 was observed for fungal-

modified biochar, while bacterial-modified biochar showed an increased of 15.4 mg g-1. 

Biological modification is considered a sustainable method operating under mild conditions, 

making it suitable for Pb2+ and Cd2+ adsorption in environmental applications. 

3.3  Environmental parameters 

The Pb2+ and Cd2+ adsorption are affected by pH, solution temperature and adsorbent dosage. 

Among these parameters, solution pH is particularly important. When the solution pH is 

higher than 7, Pb2+ and Cd2+ precipitation may occur. Whereas at pH values below 4, 
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competition between H+ ions and metals for adsorption sites leads to a reduction in the 

adsorption capacities. Solution pH influences the surface charge of the absorbent; therefore, 

the pH point of zero charge (pHpzc) is introduced to evaluate this phenomenon. The pHpzc is 

the pH at which the adsorbent surface carries zero charge (Wikipedia, 2026). When pH < 

pHpzc, the positively charged adsorbent surface adsorbs anions, such as Cl– and NO3
–. In 

contrast, when pH > pHpzc, the negatively charged adsorbent surface tends to adsorb cations, 

such as Pb2+ and Cd2+ (Zhang et al., 2025). Yin et al. (2019) revealed that a reduction in 

pHpzc from 6.21 to 5.63 after modification enhanced adsorption capacity of biochar for Cd2+. 

T is another factor affecting adsorption behavior. According to adsorption thermodynamics, 

many reports have demonstrated Pb2+ and Cd2+ adsorption processes are endothermic and 

involve energy consumption. Increasing temperature can accelerate reaction rates, enhance 

ion exchange and facilitate the migration of Pb2+ and Cd2+ across the solid-liquid (S-L) 

boundary layer. Sugarcane bagasse biochar was prepared by Liu et al. (2020), who reported 

enhanced adsorption of Pb2+ and Cd2+ with increasing T from 25℃ to 45℃. 

Adsorbent dosage is also closely related to adsorption performance. More adsorbent dosage 

provides more active adsorption sites, enhancing adsorption capacity. However, adsorption 

capacity cannot increase indefinitely and eventually reaches a stable level because of active 

adsorption site saturation (Zhang et al., 2025).  

In addition, the initial Pb2+ and Cd2+ concentrations affect adsorption behavior by driving 

force. A high initial concentration leads to rapid adsorption at the beginning, which gradually 

decreases until equilibrium. However, a high Pb2+ and Cd2+ initial concentration increases 

the adsorbent’s adsorption capacity but decreases the adsorption efficiency (Cheng et al., 

2022).  

  

https://en.wikipedia.org/wiki/PH
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4  RSM and BBD 

Because the adsorption process is influenced by many factors, investigating each variable 

individually requires time and cost. In addition, these factors may interact with each other, 

and single factor experiments cannot adequately determine these interactions. To solve this 

problem, analytical optimization methods have been developed, among which response 

surface methodology (RSM) is widely used. It is suitable for adsorption systems because 

adsorption is a complex system affected by multiple parameters. RSM applies mathematical 

and statistical methods to analyse adsorption data, evaluating the effects and interactions of 

these multiple parameters and determine the optimum conditions for adsorption process 

(Bezerra et al., 2008). According to the same study, the RSM application involves five steps: 

(1) identifying factors and corresponding response; (2) designing and conducting 

experiments; (3) polynomial fitting of the experimental data and development of a regression 

model; (4) evaluation of model accuracy; and (5) optimization of process conditions 

(Bezerra et al., 2008). 

Before applying RSM, an appropriate experimental design must first be selected. Box–

Behnken design (BBD), Doehlert design, and central composite design (CCD) are the 

commonly used designs. Among them, BBD is a three-factor optimization design that 

typically requires only 13-17 experiments instead of 27 experiments in a full factorial design, 

thereby reducing experimental time and cost (Bezerra et al., 2008).   
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5  Research objectives and aim 

With the increasing amount of waste electrical and electronic equipment (WEEE), recycling 

valuable metals from WEEE has become an important requirement of the EU. Metal 

recycling can reduce mineral extraction and environmental impacts. However, metal 

recovery still faces many challenges, such as elimination of heavy metals from WEEE acidic 

solutions. This thesis aims to use adsorption technology for elimination Pb2+ and Cd2+ from 

acidic solutions, thereby preventing Pb2+ and Cd2+ into environment, optimizing 

hydrometallurgical metal recovery processes, and reducing dependence on ore minerals. 

Adsorption method was selected for eliminating Pb2+ and Cd2+ from solutions because it is 

a highly efficient method with low cost and simple operation. Considering the abundance of 

silver birch bark in Finland, silver birch bark was chosen as the adsorbent. However, the 

natural adsorption capacity of raw bark is relatively low; therefore, modification is necessary. 

KMnO4 was selected to modify the birch bark to enhance its adsorption capacity. 

Box-Behnken design (BBD) was selected to design the adsorption experiments because it is 

time-saving and cost-effective. Response surface methodology (RSM) was chosen to 

evaluate the multiple parameters affecting the adsorption process and to determine the 

optimized conditions. Under the optimized conditions, adsorption kinetic, isotherms, and 

thermodynamics were investigated to reflect the adsorption behaviors between the adsorbent 

and Pb2+, Cd2+. The characterization technologies, FTIR, SEM, and pHpzc, were used to 

analyze the adsorption mechanisms. Overall, this thesis aims to develop an eco-friendly and 

economical adsorbent for eliminating Pb2+ and Cd2+ from acidic WEEE solutions. 
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6  Methodology 

This chapter includes the adsorbent preparation, experimental design for optimization, and 

batch experiment procedure. The methods of adsorption kinetics, isotherms, and 

thermodynamics are described, followed by the characterization analysis used for adsorbent. 

6.1  Chemical reagent and equipment 

This thesis investigated modified birch bark (MBB) materials as adsorbents to eliminate Pb2+ 

and Cd2+ from solutions. In Tables 6-1 and 6-2 the chemical reagents and equipment used in 

the experiments are presented. All experiments were conducted in the LUT laboratory in 

Mikkeli, Finland. 

Table 6-1. Chemical reagents used in this study. 
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Table 6-2. List of equipment and instruments. 

 

6.2  Adsorbent preparation 

The birch bark (BB) was supplied by Haka Wood Oy, a birch sawmill company located in 

Viitasaari, Finland. The bark particles below 500 µm were obtained through the following 

procedure: (1) washing three times; (2) drying in oven at 103 ℃ for 2 days; (3) mechanical 

milling and sieving, as shown in Figure 6-1. 

 

Figure 6-1. The milled and sieved birch bark. 
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The air-dried BB was pretreated by a solution of containing 4% (w/v) NaOH and 3% (v/v) 

H2O2 at a S-L ratio of 1:25, followed by stirring for 4 h. The aim was to modify the bark 

structure and increase its surface area. After filtration, the BB material was rinsed with 

deionized (DI) water to remove residual NaOH and H2O2 until pH = 7 and then oven-dried 

at 70 °C until reaching a constant mass (Figure 6-2). 

 

Figure 6-2. The pretreated birch bark. 

The pretreated BB was further modified using KMnO4 solutions (0.02, 0.05, and 0.08 M). 

The modified birch bark (MBB) and KMnO4 solutions were mixed at a S-L ratio of 1: 20, 

followed by shaken at 300 rpm for 1 h. After treatment, the MBB (Figure 6-3) was also 

washed to remove residual KMnO4 to pH =7 and then dried following the same procedure 

as the pretreated BB. 

 

Figure 6-3. The birch bark modified by KMnO4. 
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6.3  Optimization of adsorption factors 

The RSM was applied to optimize this adsorption experiment, and the detailed procedure is 

illustrated in Figure 6-4. BBD was selected due to its high cost-effectiveness and time-saving 

advantages. They were performed using Design-Expert software (Version 25.0, Stat-Ease). 

 

Figure 6-4. The detailed procedure flowchart for RSM. 

As shown in the flowchart (Figure 6-4), suitable factors and corresponding responses were 

first identified. Based on single-factor experiments, KMnO4 concentration, pH, and T were 

found to influence the adsorption efficiencies of Pb2+ and Cd2+. Therefore, these three factors 

were selected as suitable factors, and adsorption efficiency was defined as the response 

variable. Each factor was evaluated at three levels, namely KMnO4 concentration (0.02, 0.05 

and 0.08 M), solution pH (3, 4, 5), and T (20, 30, 40 ℃), as listed in Table 6-3. The BBD 

designed 17 experimental runs, consisting of 5 center-point replicates and 12 factorial points 

(Table 6-4).  
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Table 6-3. The factors and corresponding three levels used in BBD. 

Factor 
Level 

-1 0 +1 

A-KMnO4 concentration (M) 0.02 0.05 0.08 

B-pH 3 4 5 

C-T (oC) 20 30 40 

 

Table 6-4. Coded and actual values in brackets of the BBD. 

Run A-KMnO4 concentration (M) B-pH C-T (oC) 

1 +1 (0.08) -1 (3) 0 (30) 

2 0 (0.05) 0 (4) 0 (30) 

3 0 (0.05) 0 (4) 0 (30) 

4 0 (0.05) +1 (5) -1 (20) 

5 0 (0.05) 0 (4) 0 (30) 

6 -1 (0.02) +1 (5) 0 (30) 

7 +1 (0.08) +1 (5) 0 (30) 

8 -1 (0.02) -1 (3) 0 (30) 

9 +1 (0.08) 0 (4) -1 (20) 

10 +1 (0.08) 0 (4) +1 (40) 

11 -1 (0.02) 0 (4) -1 (20) 

12 -1 (0.02) 0 (4) +1 (40) 

13 0 (0.05) -1 (3) -1 (20) 

14 0 (0.05) +1 (5) +1 (40) 

15 0 (0.05) 0 (4) 0 (30) 

16 0 (0.05) -1 (3) +1 (40) 

17 0 (0.05) 0 (4) 0 (30) 

 

After running the 17 adsorption experiments and collecting the data, statistical analysis was 

performed to fit a quadratic polynomial regression model. The 3D response surface plots 

and a predictive equation were generated. This model was then used to predict adsorption 

performance and determine the optimized adsorption conditions. Finally, validation 
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experiments were performed under the predicted optimized conditions to verify the 

reliability of the model. 

The predictive equation is as follows:  

𝑌 = 𝛽0 + ∑ 𝛽i
3
i=1 𝑋i + ∑ 𝛽ii𝑋i

23
i=1 + ∑ ∑ 𝛽ij𝑋i𝑋j

3
j=1

3
i=1               (6-1) 

where, 𝑋i and 𝑋j are input factors; 𝑌 represents the predicted response; 𝛽0, 𝛽i, 𝛽ii, and 𝛽ij 

represent the intercept term, linear, quadratic, and interaction coefficients (Elibol, 2004).   

6.4  Adsorption experiments 

6.4.1  Batch adsorption studies 

The 17 batch adsorption runs were performed with initial Pb2+ and Cd2+ concentrations of 

150 and 30 mg L-1, respectively. Each experimental run used 20 mL Pb2+ and Cd2+ solutions 

with 20 mg MBB (dosage = 1 g L-1) were shaken for 24 h to ensure achieving equilibrium, 

at 20 °C and 300 rpm. The solution samples were filtered through 45 µm filters and analysed 

using ICP-OES. Blank samples were also included to minimize experimental errors. 

The metal adsorption efficiency (𝑅, %) and adsorption capacity (𝑄, mg g-1) were obtained 

by Equation (6-2) and (6-3): 

𝑅 =
𝐶0−𝐶e

𝐶e
× 100%                           (6-2)            

𝑄 =
(𝐶0−𝐶e)𝑉

𝑚
                                       (6-3) 

where 𝐶0 represents the initial concentration, mg L-1; 𝑉 (L) and 𝑚 (g) are the solution 

volume and solid adsorbent mass, respectively. 

6.4.2  Kinetics 

The optimized adsorption conditions obtained from RSM analysis were used for kinetic 

studies. Adsorption kinetics were investigated at different initial concentrations of Pb2+ (150 

and 300 mg L-1) and Cd2+ (30 and 60 mg L-1). Under optimized conditions, kinetic samples 

were taken at time intervals within 0 - 8 h.  
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The PFO and PSO models were fitted the kinetic curves. Their equations are given in 

Equations (6-4) and (6-5): 

𝑄t

𝑄e
= 1 − 𝑒−𝑘1𝑡                         (6-4) 

     

𝑡

𝑄t
=

𝑡

𝑄e
+

1

𝑘2𝑄e
2                         (6-5)             

where 𝑄t

 

donates the adsorption capacity at time (t), mg g-1; 𝑘1 and 𝑘2 correspond to the PFO 

and PSO constants, respectively.  

6.4.3  Isotherms 

Isotherm experiments were conducted at fixed initial concentrations of Pb2+ (150 mg L-1) 

and Cd2+ (30 mg L-1) with varying dosages (Table 6-5) at 20-40 °C. All isotherm experiments 

were carried out in triplicate, and equilibrium data were fitted by the Langmuir, Freundlich 

and Sips models. 

Table 6-5. Detailed dosage used in the adsorption isotherms. 

Metal Dosage (g L-1) 

Pb 0.5 0.75 1 1.15 1.5 2 3 

Cd 0.5 0.75 1 1.5 2 3 4 

 

The Langmuir equation: 

𝑄e =
𝑄max𝐾L𝐶e

(1+𝐾L𝐶e)
                           (6-6) 

The Freundlich equation: 

𝑄e = 𝐾F𝐶e
1/𝑛

                               (6-7) 

The Sips equation: 

𝑄e =
𝑄max𝐾s𝐶e

𝑛

(1+𝐾s𝐶e
𝑛)

                             (6-8) 

where  𝐾L, 𝐾F, 𝐾s and 𝑛 are the model constants. 
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6.4.4  Thermodynamics 

The adsorption thermodynamic parameters ∆𝐺 , ∆𝐻 , and ∆𝑆  were estimated from the 

adsorption data using the following Equations  (Chen et al., 2021): 

𝐾 =
𝑄e

𝐶e
                                           (6-9) 

𝐾° = 𝐾 ×
𝐶°

𝑞°                                    (6-10) 

∆𝐺° = −𝑅𝑇 𝐼𝑛𝐾°                            (6-11) 

𝐼𝑛 𝐾° = −
∆𝐻°

𝑅𝑇
+  

∆𝑆°

𝑅
                        (6-12) 

where 𝐾  is the experimental equilibrium constant, L g-1; 𝐾°  is the standard equilibrium 

constant, dimensionless; and ∆𝐺° , ∆𝐻° , ∆𝑆°  represent the standard Δ𝐺 , Δ𝐻 , and Δ𝑆 , 

respectively. 𝐶° (1 mol L-1) and 𝑞° (1 mol kg-1) are the standard concentration and adsorption 

capacity, respectively.  

6.5  Analytical methods  

6.5.1  Quantitative method 

Inductively coupled plasma optical emission spectrometry (ICP-OES) determined the Pb2+ 

and Cd2+ concentrations. ICP-OES uses an induction coil to generate a high-frequency 

electromagnetic field that ionizes the argon gas to generate plasma. The metal liquid sample 

is transformed into an aerosol by nebulizer and enters the plasma torch. The entered sample 

is atomized in the plasma, producing specific wavelengths for each metal. These 

wavelengths are used for metal identification, and their intensities are used for quantitative 

analysis because the intensity is proportional to the metal concentration (Mudalige et al., 

2019). 

Quantitative analysis used the external standard method. Standard Pb2+ (1-30 mg L-1) and 

Cd2+ (0.5-10 mg L-1) solutions were prepared for calibration (Figure 6-5). The coefficients 

of determination (R2) for Pb2+ (0.99979) and Cd2+ (0.99997) were both close to 1, indicating 
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an excellent curve fitting. Therefore, the calibration curves provide accurate quantification 

of Pb2+ and Cd2+ concentration. The calibration equations are as follows: 

The calibration equation for Pb2+: 

𝑦 = 750.2 ∗ x − 67.87                       (6-13) 

The calibration equation for Cd2+: 

𝑦 = 14746.6 ∗ x − 89.75                     (6-14) 

where 𝑦 represents the metal concentration, mg L-1; x represents the intensity of the specific 

wavelength. 

  

Figure 6-5. The calibration curve of Pb2+ (a) and Cd2+ (b). 

6.5.2  Characterization methods 

FTIR spectrometer equipped with an attenuated total reflection (ATR) accessory to 

characterize the MBB surface functional groups (Tiernan et al., 2020). Before analysis, a 

background spectrum was collected to avoid environmental interference. Then, the FTIR 

spectra were recorded over the range of 400-4000cm-1. Each spectrum was collected after 

20 scans in the transmittance mode with a resolution of 4 cm-1.  …. 

The pHpzc of MBB was evaluated by the salt addition method. A series of electrolyte 

solutions containing 0.01 M sodium nitrate (NaNO3) were prepared, and their pH were 

adjusted from 2 to 10 (Muhammad et al., 2012). MBB was added at a dosage of 5 g L-1 and 
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the mixtures were shaken for 1 day at 300 rpm before measuring the final pH. The pHpzc of 

MBB was ∆pH (final pH - initial pH) = 0.  

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-

EDS) is a powerful analytical technology for metal characterization. SEM characterized the 

MBB adsorbent’s surface structure and morphology, while EDS analyzed its elemental 

compounds (Schinazi et al., 2022). SEM images were collected at 2.0 kV, while EDS 

analysis was performed over a 1 mm2 area at 15 kV with a maximum count of 25,000.  
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7  Result and discussion 

This chapter presents the RSM optimization results, as well as the adsorption kinetics, 

isotherm, and thermodynamic analyses. Based on these results and the characterization 

findings, the adsorption mechanisms were discussed. 

7.1  Adsorption studies  

7.1.1  BBD and RSM analysis 

The 17 adsorption experiments were generated using the BBD, and the corresponding 

experimental and predicted adsorption efficiencies are listed on the right of Table 7-1. Then, 

RSM was utilized for evaluating the influences of three factors (A-KMnO4 concentration, 

B-pH, C-T) at 3 levels each on Pb2+ and Cd2+ adsorption efficiencies (𝑌), shown in Equations 

(7-1) and (7-2). 

The quadratic equations of Pb2+ and Cd2+ adsorption performance: 

𝑌Pb = 76.41 + 6.71𝐴 + 16.31𝐵 + 1.54𝐶 − 3.02𝐴𝐵 − 0.3075𝐴𝐶 − 0.2325𝐵𝐶 −

12.16𝐴2 − 16.47𝐵2 + 2.91𝐶2                                                (7-1) 

𝑌Cd = 77.57 + 4.03𝐴 + 16.04𝐵 + 2.63𝐶 − 4.11𝐴𝐵 + 0.2775𝐴𝐶 − 1.09𝐵𝐶 − 8.55𝐴2 −

16.13𝐵2 + 3.6𝐶2                                                                      (7-2) 
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Table 7-1. The actual values of the independent variables and the experimental/predicted 

responses (adsorption efficiencies) for Pb2+ and Cd2+. 

 

Tables 7-2 and 7-3 include the data of the analysis of variance (ANOVA) for Pb2+ and Cd2+, 

respectively. The p-value of model reflects whether the model explains the variation of 

response. When the p-value < 0.05, the selected model can explain the variation of response, 

otherwise cannot. The p-value of models for Pb2+ and Cd2+ are both lower than 0.0001, which 

means the selected quadratic models can explain the adsorption process.  

Tables 7-2 and 7-3 also present the p-values of the three factors. The p-values of KMnO4 

concentration and solution pH were lower than 0.0001, while the p-value of temperature was 

0.0179 for Pb2+ and 0.001 for Cd2+. All p-values were lower than 0.05, indicating the three 

factors have significantly individual effects on the Pb2+ and Cd2 adsorption process. However, 

their p-values were different, which represents their effects on adsorption process are not 

equal. Compared with the other two factors, T also affected adsorption performance but to a 
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less extent. For the interaction effects among the three factors, only the interaction between 

KMnO4 concentration and pH (AB, as shown in Tables 7-2 and 7-3) was significantly for 

both Pb2+ and Cd2+ adsorption, with p-value of 0.0037 and 0.0005, which were both lower 

than 0.05. Whereas the interaction effects of the remaining two factors (AC and BC) were 

observed insignificant as their p-values > 0.05. 

The R2 represents the goodness fit of quadratic model, with values nearing 1 indicating better 

predictive accuracy. In this study, the R2 values of Pb2+ (0.9968) and Cd2+ (0.9966) indicated 

that the experimental results match well with the predicted values (Birhanu and Leta, 2021a). 

And the predicted R2 values were 0.9579 for Pb2+ and 0.9551 for Cd2+, demonstrating an 

excellent predictive capacity of this model. The differences between the adjusted R2 and 

predicted R2 were 0.0349 for Pb2+ and 0.0371 for Cd2+, both less than 0.2, indicating the 

experimental data matched well with the predicted values and good predictive ability of the 

selected model (Wantala et al., 2012).  

The signal-to-noise ratios were 54.1815 for Pb2+ and 51.4901 for Cd2+, which were higher 

than the recommended value of 4 for a desirable of adequate precision (Tripathi et al., 2009). 

These values demonstrate that the models have a good precision and covered the 

experimental design range (Mustapha et al., 2024). Moreover, the coefficients of variation 

(CV) values were 2.20% for Pb2+ and 2.02% for Cd2+, both below 10%, which represents 

the reproducibility of these experiments (Ahmadi et al., 2005).  

The lack-of-fit (LOF) tests produced p-values of 0.0599 for Pb2+ and 0.0679 for Cd2+, both 

larger than 0.05. The LOF p-values (> 0.05) indicated the model was valid (Birhanu and 

Leta, 2021b). All parameters confirmed the reliability of the ANOVA models, as well as 

their strong predictive capacity.   
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Table 7-2. ANOVA results of RSM for Pb2+ adsorption. 

 

R2 = 0.9968; R2
Adjusted = 0.9928, R2

Predicted = 0.9579, CV = 2.20% 
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Table 7-3. ANOVA results of RSM for Cd2+ adsorption. 

 

R2=0.9966; R2
Adjusted = 0.9922, R2

Predicted = 0.9551, CV = 2.02% 

 

Residuals refer to the gap between the experimental data and predicted values, and are 

utilized to evaluate model adequacy (Foroughi et al., 2017). Figure 7-1 shows the data of 

Pb2+ (a) and Cd2+ (b) are closely distributed to the linear fitting line (red line), indicating the 

residuals are normal distribution and the defined model is valid. 

https://www-sciencedirect-com.ezproxy.cc.lut.fi/topics/engineering/straight-line
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Figure 7-1. Studentized plots showing normal probability (%) versus externally studentized 

residuals of Pb2+ (a) and Cd2+ (b). A straight-line trend in residuals indicates the normality 

assumption is satisfied. 
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Figure 7-2 shows the residuals randomly scattered around 0 (the middle black line), 

demonstrating the residuals are independent of experimental run order. Such residuals 

distributed within ± 4.81963 (the red lines) indicate the experimental data matched well with 

predicted data (Abdel Hamid et al., 2024; Naseeruteen et al., 2018). 

 

Figure 7-2. The residuals vs. experimental run order for Pb2+ (a) and Cd2+ (b). 
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The interaction effects among the factors were further analyzed using three-dimensional (3D) 

response surface plots, as shown in Figure 7-3. Figure 7-3 (a-c) are the 3D plots for Pb2+, 

and Figure 7-3 (d-f) are the 3D plots for Cd2+. Figure 7-3 illustrated the Pb2+ and Cd2+ 

adsorption efficiency increased slowly with the increasing temperature, indicating an 

insignificant effect of temperature during adsorption processes. Furthermore, the 2D and 3D 

plots revealed negligible interaction effects between KMnO4 concentration and T, as well as 

between pH and T. 

As shown in Figure 7-3 (a and d), the Pb2+ and Cd2+ adsorption efficiency improved with the 

increasing KMnO4 concentration and solution pH, individually. When their interactive effect 

was investigated, 3D plots show they have a significantly negative correlation, resulting in 

an antagonistic impact (Mohammed and Al-Zuheri, 2018). Therefore, there exists a 

maximum Pb2+ and Cd2+ adsorption efficiencies under the interactive effect between KMnO4 

concentration and solution pH.   
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Figure 7-3. Contour plots for Pb2+ (a-c), and Cd2+ (d-f). The relationship between factors 

(KMnO4 concentration, pH and T) and adsorption efficiency. 
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Based on the interaction analysis and optimization results generated by Design-Expert, the 

optimized adsorption conditions for Pb2+ and Cd2+ were determined. Considering the 

additional energy required at elevated temperatures, an ambient temperature of 20 °C was 

selected from the optimized solutions. Then, the lowest feasible pH value was chosen, and 

finally the optimal KMnO4 concentration was determined. The optimized conditions were 

20 °C, pH 4.2, and 0.06 M KMnO4 for Pb2+ adsorption, and 20 °C, pH 4.5, and 0.06 M 

KMnO4 for Cd2+ adsorption. Under these conditions, the predicted maximum adsorption 

efficiencies were 81.8% for Pb2+ and 83.3% for Cd2+. 

7.1.2  Adsorption kinetics 

Verification experiments were performed under the optimized conditions to evaluate the 

predictive values from the RSM analysis. The adsorbent BB was modified by 0.06 M 

KMnO4 concentration, marked as MBB. Then BB and MBB adsorbents were investigated 

to adsorb Pb2+ under 20 °C and at pH 4.2, and Cd2+ under 20 °C and at pH 4.5.  

The adsorption efficiency of Pb2+ grew from 30.61% to 80.46% after KMnO4 modification 

(MBB-Pb). Similarly, Cd2+ adsorption increased from 42.21% to 85.60% (MBB-Cd), as 

shown in Figure 7-4. KMnO4 modification significantly increased the adsorption capacity 

by 49.85% for Pb2+ and 43.39% for Cd2+.  Compared with the predicted adsorption 

efficiencies of Pb2+ (81.8%), and Cd2+ (83.3%), the actual adsorption efficiencies of Pb2+ 

and Cd2+ were 80.46% and 85.60%, respectively. The minor deviation (< 3%) between the 

experimental and predicted responses confirms the statistical models are reliable and 

adequate. 
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Figure 7-4.  Adsorption efficiencies of the Pb2+ (MBB-Pb) (a) and Cd2+ (MBB-Cd) (b). 

(𝐶0,Pb2+ = 150 mg L-1 and 𝐶0,Cd2+ = 30 mg L-1 at 20 ℃). Errors bars indicate standard 

deviation (n=3). BB: birch bark, MBB: modified birch bark. 

The kinetic curves were fitted using PFO and PSO models (Figure 7-5), and the 

corresponding data are listed in Table 7-4. For both Pb2+ and Cd2+, the PSO model fitted 

better, suggesting that chemisorption mainly controlled the Pb2+ and Cd2+ adsorption (Qi et 

al., 2023; Mei et al., 2025). 

Figure 7-5 illustrates the adsorption kinetic curves of Pb2+ and Cd2+ under different initial 

concentrations. The Pb2+ concentrations were 150 and 300 mg L-1. Figure 7-5a shows the 

equilibrium reached after 4 h and the equilibrium capacity reached around 120 mg g-1. The 

adsorption kinetics curve showed an insignificant difference in adsorption capacities 

between the two initial concentrations, implying that the adsorption active sites of MBB for 

Pb2+ were near saturation. … 

The Cd2+ concentrations were 30 and 60 mg L-1 and Figure 7-5b shows Cd2+ equilibrium 

achieved after 2 h. Unlike Pb2+, a significant difference was observed in the adsorption 

kinetic curves of the two Cd2+ concentrations. The equilibrium capacity for Cd2+ reached 

around 25 mg g-1 (𝐶0 = 30 mg L-1), whereas the capacity reached around 35 mg g-1 (𝐶0 = 60 

mg L-1). The increase suggested that MBB for Cd2+ adsorption was not yet saturated. 
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Figure 7-5. Kinetic model fitting plots (PFO and PSO) for Pb2+ (a) and Cd2+ (b) adsorption 

on the MBB (𝐶0,Pb2+ = 150 and 300 mg L-1; 𝐶0,Cd2+ = 30 and 60 mg L-1 at 20 ℃). 

Table 7-4. Adsorption kinetic parameters of PFO and PSO models for Pb2+ and Cd2+. 

 

7.1.3  Adsorption isotherms 

The equilibrium adsorption data were plotted as 𝑄e  versus 𝐶e  to build the adsorption 

isotherms. To minimize the effect of experimental errors during adsorption isotherm 

modeling, triplicate experimental data were used for curve fitting. The data point considered 

as obvious outliers were excluded before fitting the isotherm models. Figure 7-6a and Figure 

7-7a present the adsorption isotherm curves of Pb2+ and Cd2+ at 20 °C fitted by three models 

(the Langmuir, Freundlich, and Sips models). Results showed the Freundlich model fit best 



51 

for both Pb2+ and Cd2+ adsorption. Therefore, the Freundlich model was selected for fitting 

the adsorption isotherms at 20, 30 and 40 °C (Figure 7-6b and Figure 7-7b). And the isotherm 

information is listed in Table 7-5.  

The superior performance of the Freundlich model suggests that Pb2+ and Cd2+ adsorption 

mainly occurred on heterogeneous surfaces through multilayer adsorption rather than a 

monolayer adsorption (Shen and Chen, 2015; Yoon et al., 2016). In addition, the obtained 

constants (1/n) were below 1, indicating the Pb2+ and Cd2+ adsorption processes were 

favorable (Liu et al., 2020). The 𝑄max values for Pb2+ and Cd2+ were estimated using the 

Sips model as its better fitting, and the 𝑄max values to be 140.7 and 39.9 mg g-1, respectively. 

The higher 𝑄max for Pb2+ than Cd2+ indicated a stronger affinity of MBB toward Pb2+. 

The kinetic curves shown in Figure 7-5 revealed the 𝑄e value of Pb2+ (Figure 7-5a) remained 

around 120 mg g-1 despite its initial concentration increased. Because this value was close 

to the 𝑄max (140.7 mg g-1), indicating most available sites had been occupied. Therefore, 

increasing the initial concentration had limited effect on Pb2+ adsorption. By contrast, the 𝑄e 

value of Cd2+ (Figure 7-5b) increased by 10 mg g-1 as the 𝐶0 increased from 30 to 60 mg L-

1. Because the 𝑄e  value was well below 𝑄max  (39.9 mg g-1), an increase in Cd2+ 

concentration enhanced the adsorption driving force and promoted adsorption.  

 

Figure 7-6. Adsorption isotherms for Pb2+ as fitted with three models under 20 °C (a) and 

fitted with Freundlich model under 20, 30, and 40 °C (b) (𝐶0,Pb2+ = 150 mg L-1). 
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Figure 7-7. Adsorption isotherms for Cd2+ as fitted with three models under 20 °C (a) and 

fitted with Freundlich model under 20, 30, and 40 °C (b) (𝐶0,Cd2+  = 30 mg L-1). 

Table 7-5. Adsorption isotherms and parameters of Pb2+ and Cd2+. 

Heavy metal Pb Cd 

T (°C) 20 30 40 20 30 40 

Langmuir 

Q max (mg g-1) 122.7±1.2 126.6±1.1 129.7±2.1 29.9±1.4 30.5±0.9 32.0±1.2 

KL (L mg-1) 18.9±2.77 12.0±1.34 6.3±1.16 2.7±0.53 2.3±0.29 1.7±0.27 

R2 0.8326 0.9069 0.8186 0.8836 0.9428 0.9332 

Freundlich 

KF 106.1±0.48 106.8±1.04 105.6±2.09 17.7±0.45 17.0±0.46 16.9±0.53 

1/n 0.040±0.00 0.05±0.00 0.06±0.01 0.23±0.01 0.26±0.01 0.29±0.08 

R2 0.9880 0.9612 0.9097 0.9670 0.9646 0.9612 

Sips 

Q max (mg g-1) 140.7±11.6 144.5±11.2 146.1±12.8 39.9±9.6 45.8±8.9 49.9±10.6 

Ks (L mg-1) 3.30±0.09 2.98±1.01 2.62±0.91 0.93±0.05 0.66±0.25 0.56±0.21 

n 0.20±0.0 0.24±0.1 0.31±0.13 0.48±0.03 0.49±0.09 0.51±0.09 

R2 0.9719 0.9774 0.9452 0.9532 0.9734 0.9722 
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Table 7-6 compares the 𝑄max of different adsorbents reported in the articles and achieved in 

this study. The comparison indicates that MBB has potential as an adsorbent for the Pb2+ and 

Cd2+ removal.  

Table 7-6. Adsorption capacities of different adsorbents. 

 

7.1.4  Adsorption thermodynamic 

Figure 7-8 shows the Van’t Hoff plots (𝐼𝑛 𝐾° versus 1/T) for Pb2+ (a) and Cd2+ (b). The R2 

values of Pb2+ and Cd2+ were 0.9974 and 0.9414, both closed to 1, indicating good linear fits 

and supporting the calculation of thermodynamic parameters. The parameters (∆𝑆°and ∆𝐻°) 

derived from the fitted-line intercepts and slopes, are shown in Table 7-7.  
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Figure 7-8. The Van’t Hoff plots of Pb2+ (a) and Cd2+ (b) adsorption. Errors bars indicate 

standard deviation (n=3). 

Table 7-7. The thermodynamic parameters of Pb2+ and Cd2+ adsorption. 

 

The negative ∆𝐺°  values across three temperatures demonstrated the Pb2+ and Cd2+ 

adsorption onto MBB occurred spontaneously. The positive ∆𝐻°values of 13.89 kJ mol-1 for 

Pb2+ and 11.39 kJ mol-1 for Cd2+ suggested the endothermic nature of adsorption. Therefore, 

increasing the temperature enhanced both Pb2+ and Cd2+ adsorption efficiencies. This might 

be because higher temperature offered more energy for Pb2+ and Cd2+ ions to release their 

hydration shells (Liu et al., 2020). The calculated thermodynamic results matched with the 

experimental results.  

The ∆𝑆°values were over 0, indicating the degree of freedom at the S-L interface increased 

during adsorption. The ∆𝑆°value for Pb2+ (116.55 J mol-1 K-1) was larger than that for Cd2+ 

(110.62 J mol-1 K-1), suggesting the Pb2+ adsorption was more sensitive to temperature 

changes. This observation was supported by the adsorption isotherms in Figure 7-6b and 7-

7b, which showed a greater increase in Pb2+ adsorption capacity with elevated temperature. 

Therefore, the Pb2+ adsorption was more influenced by temperature than that of Cd2+.  
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7.2  Characteristics  

7.2.1  ATR-FTIR 

Figure 7-9 shows the FTIR spectra of BB, MBB, and MBB after Pb2+ and Cd2+ adsorption 

(MBB-Pb and MBB-Cd). The spectra showed the absorption peaks, including hydroxyl (O-

H) stretching vibration at 3400 cm−1, carboxyl (C=O) stretching vibration at 1732 cm−1, C-

O stretching vibration at 1024 cm−1, and more. The assignments of all peaks are presented 

in Table 7-8. These characteristic peaks represented the presence of lignin, suberin, 

cellulose, and hemicellulose in the bark (Özgenç et al., 2017; Saito et al., 2024). 

The FTIR spectra of BB and MBB revealed a slight shift of the O-H peak from 3340 cm-1 to 

3334 cm-1 after MnO2 modification. This result indicated that MnO2 affected the O-H groups 

on the bark surface. However, after Pb2+ and Cd2+ adsorption, no significant shift, 

broadening, or disappearance of the O-H peak was observed. This finding suggested the 

absorbent remained stable under the adsorption conditions (pH 4.2 for Pb2+ and 4.5 for Cd2+). 

The bark structure was not significantly affected by solution pH, KMnO4 modification, or 

heavy metal adsorption. 

Furthermore, FTIR analysis failed to show a direct involvement of surface functional groups 

(e.g., -OH and -COOH) in Pb2+ and Cd2+ adsorption, indicating the surface complexation 

was not the dominant adsorption mechanism. Therefore, other adsorption approaches may 

have played an important role. 
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Figure 7-9. The FTIR spectra for BB, MBB, and MBB after Pb2+ and Cd2+ adsorption. 

Table 7-8. The FTIR wavenumber and their corresponding functional group. 
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7.2.2  Point of zero charge 

The adsorbent’s adsorption capacity is influenced by its surface charge via electrostatic 

interactions, which is closely related to the solution pH (Sen et al., 2026). When the pH < 

pHpzc, the Pb2+ and Cd2+ adsorption capacities decrease. Because Pb2+ and Cd2+ are positively 

charged, the presence of H+ on adsorbent surface caused electrostatic repulsion, thereby 

reducing metal ions uptake (Wu et al., 2021). Equations (7-1) and (7-2), obtained from the 

RSM analysis, also confirmed that higher solution pH promoted adsorption capacity.  

The relationship between ∆pH and initial pH is shown in Figure 7-10. The pHpzc values of 

BB and MBB were measured to be 7.68 and 6.31, respectively. Therefore, the BB and MBB 

surfaces were positively charged at pH values below 7.68 and 6.31, respectively. The 

decrease in pHpzc from 7.68 to 6.31 indicated that MnO2 modification reduced the positive 

surface charge and weakened the electrostatic repulsion toward Pb2+ and Cd2+. Therefore, 

the adsorption efficiencies of MBB enhanced by 49.85% for Pb2+ and 43.39% for Cd2+ 

compared with BB, as shown in Figure 7-4. These results demonstrated that MnO2 loading 

significantly enhanced the adsorption performance of BB. of 

 

Figure 7-10. The pHpzc of BB (7.68) and MBB (6.31). 
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7.2.3  SEM-EDS 

SEM-EDS analysis was applied to characterize the elemental composition and surface 

morphology of BB and MBB. As shown in SEM images, BB (Figure 7-11a) exhibited a 

smooth surface, while numerous spherical MnO2 particles loaded on the MBB (Figure 7-

11b). The loaded MnO2 provided additional adsorption sites for Pb2+ and Cd2+ adsorption. 

 

Figure 7-11. SEM images (magnification: 20,000×) of BB (a) and MBB (b). 
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The EDS results (Table 7-9) showed the Mn content increased from 0.08wt.% in BB to 15.14 

wt.% in MBB, confirming the successful loading of MnO2. After adsorption, Pb2+ and Cd2+ 

were detected on the MBB surface, confirming metal uptake. For Pb2+ adsorption, the Pb2+ 

contents were similar at initial concentrations of 150 and 300 mg L-1 (17.42 wt.% and 17.29 

wt.%, respectively), indicating that MBB was close to saturation for Pb2+ adsorption. In 

contrast, the Cd2+ content increased from 5.97 wt.% to 7.89 wt.% when the initial Cd2+ 

concentration increased from 30 to 60 mg L-1, indicating that adsorption sites were still 

available. The findings agreed with the adsorption kinetic curves shown in Figure 7-5. In 

addition, the significant decrease or disappearance of Na, Mg, and Ca after adsorption 

suggests that ion exchange contributed to the adsorption process. 

Table 7-9. EDS analytical data of adsorbents. 
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8  Conclusions 

Hydrometallurgy is a developed method for recovering metals from waste electrical and 

electronic equipment (WEEE) as its low energy consumption and mild operating conditions. 

However, WEEE leachates often consist of highly toxic heavy metals, such as Pb2+ and Cd2+. 

Therefore, recovery and removal of these toxic metals are necessary for environmental 

protection. In this thesis, an adsorbent was prepared and applied for Pb2+ and Cd2+ capture 

from acidic solutions. Due to the complexity of real WEEE leachates, simulated acidic 

single-metal solutions were used in this study. 

Birch bark (BB), an abundant forestry by-product in Finland, was selected as a cost-effective 

and sustainable adsorbent. To improve its adsorption performance, BB was first pretreated 

with NaOH and H2O2, and then further modified with KMnO4 to produce modified birch 

bark (MBB).  The adsorption behavior of MBB toward Pb2+ and Cd2+ was investigated using 

adsorption kinetics, isotherms, thermodynamics, and response surface methodology (RSM).  

The conclusions are as follows: 

(1) A Box-Behnken design (BBD) with 17 adsorption experimental runs was applied for 

process optimization. Solution pH and KMnO4 concentration significantly affected 

Pb2+ and Cd2+ adsorption, while temperature showed a less effect. The optimum 

conditions obtained from RSM analysis were pH 4.2, 0.06 M KMnO4, and 20 °C for 

Pb2+ adsorption, and pH 4.5, 0.06 M KMnO4 and 20 °C for Cd2+ adsorption. The 

predicted adsorption efficiencies were 80.8% for Pb2+ and 83.3% for Cd2+. 

(2) Experimental verification showed maximum adsorption efficiencies of 80.46% for 

Pb2+ and 85.60% for Cd2+ under the optimized conditions. The prediction errors were 

below 3%, confirming the reliability of the RSM model. Compared with BB, Pb2+ 

adsorption increased from 30.61% to 80.46%, while Cd2+ adsorption increased from 

42.21% to 85.60%. 0 

(3) The Pb2+ and Cd2+ adsorption kinetics followed the pseudo-second order (PSO) 

model, and the Freundlich model offered the best fit for the adsorption isotherms. 

The Sips model estimated the 𝑄max of Pb2+ was 140.7 mg g-1 and Cd2+ was 39.9 mg 
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g-1. Thermodynamic analysis revealed that both metal ions adsorption processes were 

spontaneous and endothermic. 

(4) ATR-FTIR confirmed the loading of MnO2 and the structural stability of BB after 

KMnO4 modification and adsorption. The decrease in pHpzc from 7.68 to 6.31 

indicated that MnO2 modification reduced electrostatic repulsion toward Pb2+ and 

Cd2+. SEM-EDS analysis further indicated that ion exchange contributed to the 

adsorption mechanism. 

This thesis employed birch bark as an adsorbent to clean Pb2+ and Cd2+ from acidic 

solutions. An empirical regression model was established with RSM, and its accuracy 

was confirmed. The bark-derived adsorbent exhibited maximum adsorption capacities of 

Pb2+ (140.7 mg g-1) and Cd2+ (39.9 mg g-1) under the optimized conditions obtained from 

RSM. Birch bark is therefore considered as a promising adsorbent. However, real WEEE 

leachates are more complex due to the multi-metal compounds and strongly acidic 

conditions. Future studies can further improve the adsorption performance of the bark-

derived adsorbent and support its application in real-world.    
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