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Effect of presoaking on kinetics of cadmium (Cd) adsorption on modified and unmodified rice 

husk biochars 

 

Abstract 

In the last two decades, several studies have been conducted on biochar production and 

optimal conditions for the application of biochar for removing contaminants from the aquatic 

environments. However, presoaking, as one of the most important physical factors affecting the 

adsorption behavior of biochar, has not been studied yet. For this, rice husk biochars were 

produced at 450 and 600 °C, then, prior and after modifications by potassium hydroxide and 

magnesium chloride treatments, kinetics of cadmium adsorption was studied in background 

solution-presoaked and non-presoaked biochars. Furthermore, the influence of a variety of 

environmental parameters including pH, temperature and particle size were investigated. 

Results revealed that the amount of cadmium adsorbed on the presoaked biochars was 

significantly higher than that on non-presoaked biochars. The highest cadmium adsorption 

capacities of the soaked biochars were 98.4, 97.6, and 89.8 mg/g for BMS600 (presoaked 

magnesium modified at 600 °C), BMS450 (presoaked magnesium modified at 450 °C), and 

BKS450 (presoaked potassium modified at 450 °C), respectively, much more than those 

observed for unmodified presoaked biochars (7.6 and 7.5 mg/g for BS450 and BS600, 

respectively). The modeling of kinetic results showed that in all cases the pseudo-second-order 

model well-fitted (R2 > 0.99) the cadmium adsorption data. In conclusion, biochar presoaking 

significantly increased cadmium adsorption and reduced the equilibrium time, demonstrating 

an efficient and economic method to increase the removal of contaminants in aquatic 

environments. 
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1​ Introduction 

 



Today the pollution of water resources with Potentially Toxic Elements (PTE) is receiving great 

attention (Joseph et al., 2019; Kumar et al., 2021) and several studies have been conducted to 

reduce the related risks. Various biological, chemical, and physical methods have been proposed 

for the removal of PTEs from the aqueous media (Ighalo et al., 2020; Cheng et al., 2016; Denng 

et al., 2021; Oh et al., 2019). Using the biological methods, including bioremediation, 

phytoremediation and the use of microbs, the goal is either to stabilize or to extract 

contaminants from the matrix (Rajendran et al., 2022; Khoo et al., 2021). Among physical and 

chemical methods the most used approaches include adsorption, filtration, oxidation or 

reduction, ion exchange, and electro synthetic precipitation. Among these methods, adsorption 

is a very efficient and widely used technique for their removal from water media) Yada and 

Jadeja, 2021). 

Various compounds such as natural polymers (Abdel-Halim and Al-Deyab, 2011), synthetic 

polymers (Kampalanonwat, and Supaphol, 2014), clay minerals (Coles and Yong, 2002; Liu et al., 

2016), active carbon (Monser, and Adhoum, 2002; Yang et al., 2007), organic components 

(Oliveira et al., 2008; Duan et al., 2018; Dişbudak et al., 2002), nanomaterials, nanotubes (Tian 

et al., 2012; Wang et al, 2010), and biochar (Ighalo et al., 2022) have been used for the removal 

of PTEs from aqueous solutions. Among these, biochar is a very interesting choice, as it can be 

produced from inexpensive or waste feedstocks, it is effective, more environmentally friendly 

than other adsorbents and it can be used to remove a wide range of contaminants (Shakoor et 

al., 2020). The use of biochar was firstly described by Corapcioglu and Huang (1987), who 

evaluated the properties of aqueous activated carbon on the adsorption of Ni (II), Cu (II), Pb (II), 

and Zn (II), reporting that cations adsorption was controlled by surface area, carbon type, and 

pH. Subsequently, many studies have been performed to produce biochar from different 

materials and to remove a wide range of pollutants in aqueous media (Singh et al., 2021; Inyang 

et al., 2012; Usman et al., 2016).  

Biochar characteristics are affected by production conditions and feedstock type (Kloss et al., 

2012). The increase of the pyrolysis temperature, for example, causes a decrease of aliphatic 

chains of the matrix and of cation exchange capacity (CEC), and also an increase of the specific 

surface area and of aromatic moieties. Rego et al. (2022), by examining the effect of 



temperature and pyrolysis time on wheat straw biochar, found that increasing the temperature 

and pyrolysis time reduced the amount of oxygen and volatiles in the final product. Zhao et al. 

(2018) evaluated the effect of heating rate, pyrolysis temperature and duration on canola 

biochar production, concluding that pyrolysis temperature had the greatest effect on biochar 

pollutant removal performance. In general, specific surface area, ash percentage, and pH, 

increase with pyrolysis temperature, while yield, volatiles, and oxygen fraction decreases with it. 

Apart these aspects, also the experimental conditions play an important role in determining the 

efficiency of the pollutants abatement (Berslin et al., 2021), so several scientists investigated the 

effect of pH, ionic strength, and ionic competition for PTEs removal in order to reach the best 

conditions for a very efficient process. Concerning cadmium removal, Park et al. (2017) reported 

that the highest amount of cadmium adsorption was observed at pH 7 and decreasing the ionic 

strength to limit the interaction between ions in solution. Similarly, Xiao et al. (2017) found that 

the highest adsorbed amount was observed at a slightly acidic pHs and low ionic strengths, as in 

these conditions the electrostatic repulsion between adsorptive and adsorbate decreases, and 

the proton competition is limited.  

Physical separation of biochar particles from aqueous solutions has constantly been one of the 

most important challenges in the application of biochar in the aquatic media. Magnetization has 

been proposed as an efficient method to solve this problem, as in the functionalization of rice 

straw biochar with iron compounds (Huang et al., 2021).  

Although all these conditions are fundamental to achieve good results in water depollution 

applications, a last important factor needs to be considered: the possibility to favor the physical 

contact of biochar with aqueous solutions, in fact, the adsorption of ions on biochar demands 

an intimate contact of the solid phase with the liquid phase (Brown et al., 1969). Biochar is a 

porous and partially hydrophobic material (Gray et al., 2014) and to achieve the best adsorption 

conditions, the solution needs to reach not only the external but also the internal (in the pores) 

surface (Brown et al., 1969). In addition, the surface character can affect the rate of adsorption, 

and with a proper affinity, the equilibrium of the adsorption process can occur in a shorter time 

(Brown et al., 1969) allowing to reduce cost and process time. Given these premises, this study 

was conducted to investigate: 1- the effect of biochar presoaking on Cd adsorption kinetics in 



modified and unmodified biochar, 2 -the effect of pH, particle size, and temperature on the 

presoaking process. 

 

2​ Material and methods 

2.1​ Biochar production and modification 

The rice husks were obtained from Astana rice processing factory (Gillan province, Iran), passed 

through a 10-mesh sieve and dried at 70 °C for 24 hours. To produce biochar modified with 

magnesium chloride (BM) and potassium hydroxide (BK), dry rice husks were soaked at a 1 to 5 

ratio (500 g of rice husk in 2.5 L of solution) in 1 M MgCl2 and KOH solutions, stirred for 24 h and 

dried at 70°C for 48 h. Original and treated rice husks were then heated in a muffle oven at 450 

or at 600 °C in oxygen-free conditions under argon flow (10 cm3/min) for 2 hours. After cooling, 

the biochars were washed with distilled water 10 times to remove residual base cations and 

after each step, electrical conductivity (EC) was measured until value of EC < 1.5 dS/m was 

reached. Finally, modified and unmodified biochars were dried and passed through, 

respectively, a 100 or a 500 µm sieve and kept in closed containers for further experiments. 

 Table 1 

Biochar types used in this experiment 

Biochar type modification Pyrolysis temperature 

B600 - 600 °C 

B450 - 450 °C 

BM600 MgCl2 600 °C 

BM450 MgCl2 450 °C 

BK450 KOH 450 °C 

 

2.2​ Biochar characterization 

 For pH and electrical conductivity (EC) analysis, 5 g of biochar were suspended in 50 ml of 

deionized water and shaken at 120 rpm for 24 hours. After shaking, the pH of the suspensions 



was measured immediately, whereas EC was measured after 20 minutes without further 

shaking. To determine the ash content, samples were dried at 105 °C and weighed, then heated 

for 6 hours in a muffle oven at 750 °C in the presence of air. Finally, the weight of residues was 

measured, and the percentage of ash was determined from the following equation (Eq. (1)) 

(Sinegh et al., 2017). 

(1)​ % Ash =    
𝑤𝑒𝑖𝑔ℎ𝑡 

𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑎𝑓𝑡𝑒𝑟 750 °𝐶 

𝑤𝑒𝑖𝑔ℎ𝑡
150 °𝐶 𝑑𝑟𝑖𝑒𝑑

×100

 The total Cd content in the biochar samples was determined using the method reported by 

Sinegh et al. (2017). Briefly, 0.2 g of biochar were placed in a digestion tube. Then, samples 

were heated at 650 °C for 8 h. After cooling, 4 ml of HNO3 were added to the samples and 

heated at 120 °C for 2 hours, afterward 4 ml of H2O2 and 1 ml of HNO3 were added to tubes and 

heated at 80 °C for 2 hours. After digestion, HCl 6 M was added to tubes and held at room 

temperature for 24 h. Finally, the samples were filtered (Whatman n. 41) and the concentration 

of the elements was measured using ICP-MS (PerkinElmer NexION® 350D).  

Pore volume and surface area of biochar samples were measured via N2 adsorption-desorption 

gas-volumetric analysis at nitrogen boiling point (Micromeritics ASAP 2020 Plus). The pH of the 

point of zero charge (pHpzc) was measured using the Faria and Pereira (2004) method. In brief, 

0.15 g biochar was added to closed 100 ml Erlenmeyer flasks containing 50 ml 0.01 M NaNO3 

with pH adjusted between 2 and 12. The final pH was determined after stirring for 48 h at 25°C. 

The pHpzc is the point on the curve where the final pH is equal to the initial pH. Fourier 

transform infrared (FTIR) was used to determine the functional groups using a Vector 22 by 

Bruker, equipped with Globar lamp and DTGS detector and considering 128 scans with a 

resolution of 4 cm-1 in the range 400-4000 cm-1. The total content of carbon, nitrogen, and 

hydrogen in the biochar samples was determined using an elemental analyzer (Elementar 

UNICUBE). The physical properties and morphology of the surface were evaluated using 

scanning electron microscopy (SEM-EDX) with a ZEISS EVO 50 XVP with LaB6 source, equipped 

with detectors for secondary electrons collection and an Energy Dispersive X-ray Spectrometry 

(EDS) probe for elemental analyses. Samples were covered with a chromium layer of ∼5 nm of 



thickness before the analysis to prevent charging (Emitech K575X sputter coater equipped with 

a film thickness monitor and Cr target). 

 

Adsorption experiments 

The kinetic experiments were conducted on (S) presoaked and (NS) non-presoaked adsorbents. 

During the presoaking process, 10 ml of background solution (NaNO3 0.01 M, pH 6) was added 

to centrifuge tubes containing 0.5, or 0.2 g of unmodified or modified biochars, respectively, 

and left in contact for 0.5, 1, 2, 4, 8, 16, 24, 48, and 168h. After this step, 10 ml of a Cd solution 

at pH 6 (400 mg/l of Cd in the case of unmodified biochars and 2000 mg/l in the case of 

modified biochars) were added and the samples were shaken at room temperature (25 ± 1°C) 

for 0.5, 1, 2, 4, 8, 16, 24, 48, and 168 h. The same process was repeated also for non-presoaked 

biochars, with 0.5 or 0.2 g of unmodified or modified biochars placed in centrifuge tubes 

containing 20 ml of Cd solution (200 mg/l of Cd for unmodified biochar experiment and 1000 

mg/l for modified biochar experiment) and shaken for different times at 25 ± 1°C. 

To investigate the effect of temperature and pH on Cd adsorption kinetics in unmodified 

biochars, suspension pH was adjusted to 2, 5, and 6 and shaken at 15 ± 1, 25 ± 1, and 35 ± 1°C 

for the previously mentioned contact times. After each contact time, presoaked and 

non-presoaked samples were centrifuged (at 4000 rpm), filtered (Whatman n. 41) and the 

residual concentration of Cd in the solution was determined by ICP-MS. Adsorbed Cd was 

calculated from the difference between the initial concentration and the equilibrium 

concentration. Finally (Eq. (2)) pseudo-first-order, (Eq. (3)) pseudo-second-order, and (Eq. (4)) 

Intraparticle diffusion models were used to model Cd adsorption kinetics: 

(2)  log (  = log –    (Lagergren, 1898) 𝑞
𝑒

− 𝑞
𝑡
) 𝑞

𝑒 
 

𝑘
1

2.0303 𝑡

(3)    (Ho and McKay, 1999) 
𝑡

  𝑞𝑡 = 1

𝑘
2
𝑞

𝑒
2 − 𝑡

𝑞
𝑒

(4)​     (Weber and Morris, 1963) 𝑞
𝑡

=  𝑘
𝑑  

𝑡1/2 + 𝑐



Where qe, c, and qt are the amounts of Cd (mg/g), adsorbed respectively at the equilibrium, at 

time zero, and at time t (h) respectively, k1, k2, and kd the rate of constant of pseudo-first-order 

(1/h), pseudo-second-order (g/mgh ), and intraparticle diffusion (mg/g ), respectively. ℎ0.5

3​ Results and discussion 

3.1​ Biochar characterization 

The main characterization results are reported in Table 2. For what concerns the composition, 

as the pyrolysis temperature increased, the carbon content increased, whereas the % O and % 

H, and the atomic ratio H/C and O/C decreased, indicating loss of hydrogen and oxygen from the 

matrix during the pyrolysis treatment activated by temperature. In the modified biochars, the 

amount of oxygen and hydrogen ratios were significantly higher than in the unmodified 

biochars. According to the FTIR analysis (Fig. 1), presented below, the increase in oxygen and 

hydrogen content can be attributed to the formation of hydroxyl and carboxyl functional groups 

in the biochars during the modification process. 

Table 2 

 Properties of modified and unmodified rice husk biochars. 

Parameter BM600 BM450 BK450 B600 B450 

C (%) 38.0 41.2 51.9 53.5 50.5 

H (%) 2.7 3.8 4.3 1.7 2.8 

O (%) 18.4 20.6 19.2 12.1 16.2 

H/C 0.071 0.093 0.082 0.032 0.056 

O/C 0.48 0.49 0.37 0.27 0.32 

pH (1:10) 8.6 8.2 9.0 7.7 7.4 

EC (µS/m) 1405 1215 1023 273 387 

pHzpc 9 8.5 8.8 6.0 5.8 

surface area (m2/g) 231 66 27 195 28 

Micropore vol (cm3/g) 0.081 0.017 - 0.085 0.011 

Ash (%) 43.2 38.5 28.2 35.7 32.9 



Total Cd (mg/kg) 0.07 0.06 0.06 0.05 0.05 

BM450 and BM600 (biochars prepared at 450 and 600 °C and modified by MgCl2), BK450 (biochars prepared at 450 

°C and modified by KOH), and B600, B450 (unmodified biochars prepared at 450 and 600°) 

 

Results of pHzpc (Table 2) showed that pHzpc values of B600 and B450 were in acidic range, 

whereas pHzpc values of BM450, BM600 and BK450 were in the basic range, indicating that 

basic functional groups are predominant in the modified biochars surfaces, as stated by Nguyen 

et al. (2022) for a zinc-modified biochar and by Deng et al. (2021) for magnesium-modified 

biochars. 

As expected (Shen et al., 2019), the results showed that the surface area and volume of the 

micropores increased with increasing pyrolysis temperature (Table 2). Also Shi et al. (2019) 

reported similar results on rice husk biochar, whose surface area increased from 0.63 to 193.1 

m2/g increasing the pyrolysis temperature from 300 to 700°C. In the same paper, they reported 

that biochar modification had a significant effect on the surface area. Also Chen et al. (2014) 

noted that by modification of biochar, the specific surface area increased from 25.4 to 67.6 

m2/g. In the case of our samples, no significant differences were observed with KOH 

modification at 450 °C, while modification with magnesium chloride increased the surface area 

of biochars either produced at temperature 450°C, which increased from 28 to 66 m2/g, or at 

temperature 600°C, which increased from 195 to 231 m2/g (Table 2). Only a small effect of 

MgCl2 modification is visible on the microporosity of the systems.  

FTIR analysis of modified and unmodified biochars is depicted in Fig. 1. An intense and large 

signal related to the stretching of O-H groups interacting via H bonding was present in the 

spectra of all biochar at 3400 cm-1 (Quan et al., 2020), whereas a narrow signal centered at 3700 

cm-1, due to isolated Si-OH functional groups, is present only in the spectra of the modified 

biochars, indicating the modification increases the number of OH groups and consequently the 

hydrophilicity of the biochars. Analogously, Deng et al. (2021) reported that a new strong 

adsorption peak was observed in 3469 cm-1 in magnesium-modified corn biochar, attributed to 

Mg (OH)2 formation at the surface of the biochar. In the BK450 and BM600 biochars, three 

peaks were clearly observed below 3000 cm-1, indicating the presence of aliphatic carbon chains 



(stretching of C-H moieties). Additionally, carbonate-like groups (deriving from atmospheric CO2 

interaction with the basic surface of biochars) and physisorbed water molecules were evidenced 

in the spectra in the range of 1800 to 1200 cm-1. Intense bands are present for carboxyl, ketone, 

C = C, and C = O groups at 1428, 1580 cm-1, and 1099 cm-1, respectively (Teng et al., 2020). Also, 

the Si-O-Si spectroscopic feature was observed at 1000 cm-1 in all biochars (Fig. 1), slightly 

shifted by modification procedure, which can be attributed to the presence of inorganic silica in 

the rice husk (Usman et al., 2016; Xiao et al., 2017). In all cases, it seems that modification 

introduced polar functionalities containing oxygen at the surface of biochars. 

 

Fig. 1. FTIR analysis of unmodified biochars (BM450 and BM600), modified biochars (BK450, B600, and 

B450). The spectra were shifted to facilitate the observation of the curves. 



 



 

 

Fig. 2. SEM image - EDS of (a) BM450, (b) BM600(c), and BK450 (modified biochars), (d) B600, and (f) 

B450 (unmodified biochars).  

SEM images (Fig. 2) showed structures similar to plant tissues in the B600 and B450 biochars 

surfaces. The increasing pyrolysis temperature from 450 to 600°C increased the irregularity of 

surfaces and introduce some macroporosity in the structure. 



Irregular shapes and rough surfaces were also observed in BM450, BM600, and BM450. As 

biochar modification increased the irregularity and porosity of the structures. The surface 

morphology of BM450 exhibits a smoother aspect than BM600 and BK450. Also, the porosity 

and the extension of pores in the BM600 were higher than in BM450 (Figs. 2a and 2b). 

The results of the EDS analyses confirmed the presence of a high magnesium content (>12%), 

probably present in the form of MgO as stated in (Yin et al., 2021), on the magnesium-modified 

biochar surfaces (Fig. 2), As a consequence of the successful loading of Mg on the biochar (Yin 

et al., 2018). On the contrary, potassium was not found on the biochar surface after the KOH 

modification process, and this could explain the similar results in terms of specific surface area 

and microporosity obtained from the samples B450 and BK450. The ratios O/C calculated using 

the EDS results for the modified samples BM600, BM450, BK450 were 0.60, 0.78, and 0.82, 

quite different and generally higher than the values obtained from the elemental analysis (0.48, 

0.49, and 0.37, respectively), evidencing an increase of the oxygen content in the modified 

samples (as also observed by Akram et al. (2022), and confirming the FTIR results, whose 

evidenced the formation of oxygen-containing functionalities after biochar modification. In 

addition, as the EDS signals are related to the surface of the particles, while elemental analysis 

reflect the whole material, the increase of the oxygen content probably involves more the 

outermost layer of the material than its bulk.  

3.2​ Adsorption kinetics 

Results of Cd adsorption kinetics on unmodified biochars (Fig. 3a) and modified biochars (Fig. 

4a) showed a rapid adsorption in less than 1 h, followed by a slower adsorption up to 24 h. The 

adsorption reaction in the modified and unmodified biochars reached the equilibrium after 24 

and 48 h, respectively. As reported in the literature (Xiao et al., 2017), this trend should be due 

to a rapid step controlled by the physisorption process followed by a slower step related to 

chemisorption process. 

 

The highest adsorbed amount at the equilibrium was observed for BM600S (Fig. 4b). The values 

for the presoaked modified biochars were 98.4, 97.6, and 89.8 mg/g for BMS600, BMS450, and 



BKS450, respectively, much more than the presoaked original biochars, showing 7.6 and 7.5 

mg/g for B450 and B600, respectively (Fig. 3b). Adsorption equilibrium in presoaked modified 

biochars was 12 -14 times greater than that of unmodified ones. Also, in all biochars, Cd 

adsorption in presoaked materials was significantly larger (p<0.05) than in non-presoaked ones 

(Figs. 3b and 4b). This could have been due to a more efficient adsorptive/adsorbent contact in 

presoaked biochars, where the hydrophobicity of the samples (Gray et al., 2014) is at least 

partially mitigated. 

Table 3  

Data of kinetic model fitting for Cd adsorption in modified and unmodified rice husk biochars 

Biochar 

type 

soaking 

status 

Pseudo first order  Pseudo second order  Intraparticle diffusion 

  qe 

(mg/g) 

k1 

(1/h) 

R2  qe 

(mg/g) 

k2 

(g/mgh) 

R2  qe 

(mg/g) 

Kd 

(mg/g ) ℎ0.5

R2 

BM450 NS 94.01 0.235 0.99 94.82 0.01 0.99 108.5 9.39 0.77 

S 97.7 0.252 0.98  97.16 0.01 0.99  109.6 7.66 0.73 

BM600 NS 94.35 0.184 0.98  95.35 0.101 0.99  111.6 11.42 0.78 

S 98.45 0.196 0.98  98.42 0.009 0.99  113.4 10.75 0.76 

BK450 NS 85.05 0.235 0.89  84.71 0.011 0.99  96.99 9.59 0.88 

S 90.15 0.152 0.97  89.8 0.011 0.99  101.2 8.87 0.83 

B600 NS 7.11 0.167 0.91  7.11 0.135 0.99  7.95 0.729 0.91 

S 7.52 0.182 0.99  7.52 0.131 0.99  8.34 0.555 0.77 

B450 NS 7.37 0.115 0.98  7.289 0.132 0.99  8.09 0.71 0.91 

S 7.56 0.171 0.99  7.65 0.129 0.99  8.51 0.577 0.75 

 

Pseudo-first order, Pseudo-second order, and Intraparticle diffusion models were used to model 

Cd adsorption kinetic (Table 3). Among the three models, the Pseudo-second order model 

showed the highest correlation coefficient (R2 > 0.99) and well simulated the results of the Cd 

adsorption process in modified and unmodified biochars. The adsorption equilibrium values 

obtained from the Pseudo-second order model were very close to the experimental results, 

revealing that the chemisorption in the form of cation exchange, precipitation, and inner-sphere 



complexes, is likely the main process controlling Cd adsorption on the biochar (Usman et al., 

2016). These mechanisms were also described by Liu and Fan (2018), who noted that the 

precipitation with minerals was the main process in the removal of Cd by wheat straw biochar, 

and also the surface complex process played an important role. In a similar study, Lou et al. 

(2012) reported that the chemisorption of Pb on biochar was in the form of inner-sphere 

complexes, exchange with Ca and Mg ions, and complexation with surface functional groups. 

Also, the Pseudo-first order model well fitted (R2 > 0.91) the kinetic data, indicating that also 

mass transfer is one of the important processes in the adsorption of Cd on the biochar surface. 

On the base of all these results, it can be suggested that chemisorption and mass transfer 

mainly control Cd removal mechanism.  



 



 

Fig. 3. (a) Adsorption kinetics of Cd in (S) presoaked and (NS) non-presoaked B450 and B600, and (b) 

Equilibrium Cd adsorption in (S) presoaked and (NS) non-presoaked B450 and B600, letters a, b, c and d 

indicate a significant difference (p < 0.05) among treatments by Duncan test. 



 



 

Fig. 4. (a) Adsorption kinetics of Cd in (S) presoaked and (NS) non-presoaked BM600, BM450, and BK450 

, and (b) Equilibrium Cd adsorption in the presoaked(s) and (NS) non-presoaked BM600, BM450, and 

BK450, letters a, b, c, d, e, and f indicate a significant difference (p < 0.05) among treatments by Duncan 

test. 

 

3.3​ Effect of experimental conditions applied to biochar presoaking process 

In the following paragraph the effect of material particle size, adsorption temperature and 

solution pH were investigated in order to achieve the best conditions necessary for an efficient 

removal of Cd. Only the non-modified samples were examined, with the idea that all the 

conclusions achieved for them could be transferred to the modified samples with even better 

results. 



A) Effect of particle size  
Considering the different sizes of biochar particles, the total amount of adsorbed Cd was 

significantly higher for the biochar grinded at 100 μm than one at 500 μm. The results showed 

that Cd adsorption was higher in presoaked biochars (either B600 or B450) than in 

non-presoaked biochars, regardless of the reaction time (Figs. 5a and 5b). The presoaking effect 

was more important for the coarser particles (500 µm). Also considering the adsorption kinetics 

the biochar size played a role. The time to reach the equilibrium was reduced from 48 to 24 h 

with presoaking and decreasing biochar particle size. The increased adsorption and reduced 

equilibrium time was presumably partly due to the creation of new pores and to the increase of 

the specific surface area in smaller particles. Smaller particles are also more conductive and 

have higher densities of functional groups at the external pores (Jin et al., 2022), which can 

increase the biochar reactivity and the amount of adsorption. Another possible mechanism 

increasing the adsorption of smaller particle sizes is the formation of graphite-like structures 

and nanostructures (Song et al., 2019). Jin et al. (2022), reported a positive correlation between 

biochar size and graphite structures and functional groups.  

Smaller biochars particles had more Graphite-like structures and functional groups, therefore 

they were more active and had a higher adsorption rate than biochars with larger sizes. In a 

similar study, Hameed and lin. (2020) showed that the amount of adsorption of phenanthrene, 

atrazine, and oxytetracycline was higher in biochars with smaller size particles that were 

produced at higher pyrolysis temperatures. They noted increased adsorption due to the 

formation of graphitic domains, structural defects, presence of aromatic carbon and increased 

surface area. In conclusion, it seems that small particle size(typical of high surface area 

samples), formation of graphitic domains and structural defects increase adsorption capacity. 



 



 

Fig. 5. Effect of biochar particle size on Cd adsorption kinetics in (S) presoaked and (NS) non-presoaked 

unmodified biochars grinded at 500 and 100µm size. 

 

B)​ Effect of adsorption temperature 
T The effect of presoaking on the Cd adsorption kinetics on B450 and B600 biochars at different 

temperatures is shown in Figs. 6a and 6b. The highest adsorption was observed in the 

presoaked biochars at 35 °C and the lowest adsorption was observed in the non-presoaked 

biochars at 15 °C. At all temperatures, presoaked biochars adsorbed significantly more than 

non-presoaked biochars, and the effect of presoaking decreased at increasing contact times. 

Also, the time to reach the equilibrium decreased with presoaking and increasing temperatures, 

from 48 h at 15 °C to 24 h at 35 °C. In the earlier contact times, increasing temperatures from 15 

to 35 °C significantly increased Cd adsorption in presoaked biochars than in non-presoaked.  



Also, increasing the temperature reduced the density of the suspension, which increases the 

rate of solute diffusion to the external and internal pores, affecting the adsorption and 

decreasing the time to reach the equilibrium.  

In general, two driving forces are involved in the adsorption process; enthalpy (ΔH) and entropy 

(ΔS) of reaction (Brown et al., 1969). Previous studies reported that the enthalpy of the Cd 

adsorption process is small and positive, indicating that the adsorption is endothermic (Deng et 

al., 2012). It has been reported that also the entropy of the Cd adsorption is positive, due to the 

increase in randomness at the interface between particles and the solution (Wang et al., 2017). 

At the expense of ΔS and ΔH, the ΔG is a negative value. Xiang et al. (2018) measured ΔG 

values for the Cd adsorption at temperatures of 25, 35 and 45°C of -8,612, -8,901, and 9.191 

KJ/mol, respectively. Therefore, the Cd adsorption process is a non-spontaneous and 

endothermic reaction, so Cd adsorption should increase at increasing temperatures (Taha et al., 

2016; Zhao et al., 2014). 



 



 

Fig. 6. Effect of temperature on Cd adsorption kinetics in (S) presoaked and (NS) non-presoaked. T15S, 

T25S, and T35S are presoaked biochars at 15, 25, and 35 °C, respectively.  T15NS, T25NS, and T35NS are 

non-presoaked biochars at 15, 25, and 35 °C, respectively. 

 

C) Effect of pH  
 

In this study, the effect of biochar presoaking on Cd adsorption was examined at pHs 2, 5 and 6, 

as tested in previous studies (Sun et al., 2019; Qiu et al., 2019). The results are reported in Figs. 

7a and 7b. The highest Cd adsorption was observed in presoaked biochars at pH 6 and the 

lowest adsorption was observed in the pristine biochars at pH 2. Cd adsorption values for B450 

and B600 biochars at all contact times were significantly higher in presoaked biochars than in 

non-presoaked. The adsorption significantly increased, also increasing the pH from 2 to 6, which 



can be related to pHpzc of biochars. According to our analyses (Table 2), at the highest pH tested 

the pH was higher than the pHpzc for the B450, while equal to the pHpzc for the B600. As the 

result, competition between protons and Cd ions on the biochar surface was lower and Cd 

adsorption was greater.  

Previous studies showed that changes in pH affected both the properties of the adsorbent and 

the adsorbate. The main effect of pH on biochar surface is the protonation and the 

deprotonation of functional groups such as carboxyls, hydroxyls and phenols. Increasing the pH 

will increase the Cd adsorption for the deprotonation of functional groups, which increases the 

negative charge density at the biochar surfaces, and for the decreased competition between 

protons and Cd ions at adsorption sites (Usman et al., 2016). On the other hand, pH is also an 

important parameter affecting ion speciation and, thus, ion adsorption (Wen et al., 2022). Wang 

et al. (2022), for example, observed that the adsorption of antibiotics on biochar decreased 

with decreasing pH due to the protonation of the functional groups and the creation of a 

positive charge.  



 



 

Fig. 7. Effect of pH on Cd adsorption kinetics in (S) presoaked and (NS) non-presoaked unmodified 

biochars  

4. Conclusions 

The difference in cadmium adsorption between presoaked and non-presoaked biochars over a 

range of pH, temperature, and biochar particle size showed that presoaking had a significant 

effect on Cd adsorption on rice husk biochar on both original and the modified biochars. The 

modified biochars had a higher adsorption capacity, and thus differences between presoaked 

and non-presoaked materials were greater than in unmodified biochars.  

The presoaking step increased the contact of biochar with the external solution, as evidenced 

from the lower time needed to reach the equilibrium for presoaked biochars and from the 

decrease of these differences at increasing contact times. The presoaking effect was more 



evident at lower temperatures and with coarser biochar particles, while decreasing the particle 

size and increasing the temperature the effect of soaking decreased. However, increasing the 

temperature requires energy, and it is also more difficult to separate smaller biochars from 

aqueous media. As a result, biochar soaking before use seems to be an effective way to increase 

the adsorption and to reduce the time to reach the equilibrium, making more efficient the 

adsorption process. 
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