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Abstract—Microplastics are a serious concern today because 
of their huge quantities in the environment, their ability to 
adsorb toxins on surfaces, their ease of entry in the food chain 
based on micron size, and theirs contributing to increased 
potential health threats. However, a new aspect of 
microplastics’ presence impacting the pollutant treatment 
efficiency is poorly understood. This study clarifies the effects 
of microplastics on the adsorption process of Cr(VI) by biochar, 
an effective and inexpensive material for wastewater treatment. 
Techniques such as Fourier Transform Infrared (FTIR) 
Spectroscopy, Nitrogen adsorption/ desorption, and Scanning 
Electron Microscope (SEM) were used to assess the 
characteristics of adsorbents. The results showed that biochar 
had a large surface area and pore volume (313.91 m2/g; 0.45 
cm3/g); these values were significantly higher than 
polypropylene microplastics (7.04 m2/g; 0.007 cm3/g). Biochar’s 
pores were mainly micropores (less than 2 nm), while 
polypropylene’s ones were mesopores (2 to 50 nm). Batch 
experiments were conducted following the influencing factors. 
Adsorption data indicated that Freundlich, Sips, and Redlich-
Peterson isotherms were suitable for Cr(VI) adsorption by 
biochar. The Freundlich and Redlich-Peterson isotherms 
described well the adsorption of Cr(VI) well by the mixture of 
biochar and polypropylene microplastics. For kinetic data, 
second-order kinetics was more suitable than first-order 
kinetics for Cr(VI) adsorption onto the materials. The Elovich 
diffusion and liquid film diffusion models are suitable for 
describing the adsorption pathway of Cr(VI) on a mixture of 
microplastics and biochar. In conclusion, microplastics 
significantly affect the adsorption of Cr(VI) by biochar. 

Keywords—adsorption, biochar, Cr(VI), microplastics, 
polypropylene 

I. INTRODUCTION

Rapid industrialization requires various chemicals in 
production, leading to industrial wastewater containing 
many persistent organic compounds and a large amount of 
heavy metals that are difficult to treat [1]. Various 
technologies, such as electrolysis, ion exchange, reverse 
osmosis, membrane separation, and adsorption, have been 
widely employed to treat metals wastewater, depending on 
their applicability and initial pollutant concentration. Among 
these techniques, adsorption is a straightforward, efficient, 
and cost-effective method of metals removal [2–4].  

In metals-containing effluents, pollutants can originate 
from various sources, such as solids, dissolved substances, 
microorganisms, and microplastics. Microplastics are an 

emerging pollutant and have become a global concern [5]. 
Microplastics possess a high surface area-to-volume ratio, 
enabling the adsorption and accumulation of chemical 
contaminants, including heavy metals, inorganics, and 
persistent organic pollutants [6, 7]. Microplastics play a role 
as vectors, introducing pollutants into the food chain and 
subsequently affecting the environment and humans [8]. 

Recent studies have focused on monitoring microplastics 
in air, water, soil, and also creatures, as well as, the 
adsorption of pollutants onto microplastics; and the 
effectiveness of microplastic removal in wastewater 
treatment systems [4, 5, 9, 10]. However, considering the 
impact of microplastics on the effectiveness of other 
pollutant treatment in wastewater is a new aspect that needs 
to be approached. Regarding microplastics as potential 
adsorbents, the presence of microplastics will possibly 
compete with other adsorbents in the adsorption process. 
Through our investigation, we will provide insights into the 
environmental behavior of microplastics by mixing biochar 
and microplastics into a mixture that is not chemically 
bonded. This will clarify the efficacy of adsorbing metal in 
water where adsorbent and microplastics coexist. 

II. LITERATURE REVIEW

Chromium, a widely used metal in industry, is a hazardous 
contaminant that exists in various oxidation states. The two 
most popular oxidation states of chromium are Cr(III) and 
Cr(VI), with Cr(VI) being 300 times more toxic than Cr(III) 
and classified as a carcinogenic and genotoxic compound [11, 
12]. Chromium ranks as the second most common human 
skin allergen (after nickel), and large doses of Cr(VI) 
entering the bloodstream can cause liver and kidney damage, 
including acute tubular necrosis [13]. The average 
concentration of chromium in the Earth’s crust is 125 mg/kg, 
approximately 11 to 22 mg/kg in soil, 1 μg/L in surface water, 
and 100 μg/L in groundwater [14]. The prescribed range for 
industrial wastewater, according to QCVN 40:2021/BTNMT, 
is 0.05 to 0.1 mg/L (Vietnam National Technical Regulation 
on industrial wastewater). Due to its high toxicity, 
chromium-containing effluents must undergo proper 
treatment before being discharged into the environment.  

Since the widespread production of plastic products in the 
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1950s, plastic waste and microplastics have been 
accumulating in earthly, oceanic, and atmospheric 
environments [10]. The quantity of microplastics is on the 
rise due to the release and dispersion of plastic particles 
during production and transportation, the continuous 
fragmentation of large pieces of plastic, and the inherent 
properties of durability, light weight, and mobility [15]. 
Murphy’s research demonstrated that over 65 million 
microplastic pieces are discharged daily from wastewater 
treatment plants [16]. Simon’s study at a Danish treatment 
plant estimated an annual release of 3 tons of microplastics 
ranging from 10 to 500 µm [17]. The majority of 
microplastics in wastewater are polypropylene (PP) [10]. In 
Long’s study conducted at a wastewater treatment plant in 
Xiamen, China, the proportion of PP ranged from 20.4% to 
41.6% [9]. Recent research has shown the ability of 
microplastics to adsorb heavy metals [6, 18]. Considering 
that PP is a potential absorbent, its presence could influence 
the efficiency of adsorption when using biochar as the 
primary method for removing chromium from effluents [15]. 

Peanut shells constitute 25–30% of peanut products, and 
global peanut production reached an estimated 43.98 million 
tonnes in 2016, indicating that making biochar derived from 
peanut shells could effectively capture carbon from biomass 
[19]. Besides, biochar derived from peanut shells possesses 
considerable potential for the treatment of heavy metal-
contaminated wastewater through adsorption, owing to its 
abundant functional groups, pores, and high specific surface 
area [15]. 

The study was carried out in batches, considering the 
optimal influent parameters (pH, contact time, adsorbent 
mass, and initial Cr(VI) concentration) of biochar and the 
mixture of biochar and microplastics. This study aimed to 
investigate the effect of PP on the adsorption of Cr(VI) by 
biochar.  

III. MATERIALS AND METHODS 

A. Chemicals and Materials 
All chemicals used in this study were analytical reagents. 

To prepare the chromium(VI) stock solution, 1.417 g of pre-
dried potassium dichromate (CAS Number: 7778–50–9, 
Sigma – Aldrich) was dissolved in 500 mL of deionized 
water. Working solutions were diluted from the stock 
solution to the required concentration. Two solutions (HCl or 
NaOH) at two different concentrations (2.5N and 0.5N) were 
used by adding to the working solution to reach a desired pH 
value. Reagent solution was obtained by dissolving 1.0 g of 
1,5-Diphenylcarbazide (CAS Number: 140–22–7, Merck) in 
100 mL of acetone solution, adding one drop of acetic acid 
and storing it refrigerated at 4°C.  

B. Adsorbent Preparation 
Biochar making was modified based on Georgin’s 

research [20]. First, peanuts were purchased from Khiet Tam 
Market, Thu Duc City, Viet Nam (10o52’36.27”N, 
106o44’48.67”E). In the laboratory, peanut shells were 
separated, chopped, and washed three times with distilled 
water. Subsequently, they were dried in an oven at 60oC for 
24 hours. The dried shells were filled into a crucible with a 

tight lid and put into a kiln (Daihan Fx–03, Korea). When the 
kiln reached a temperature of 600oC, the slow pyrolysis 
process occurred in an anoxic environment over 2 hours. 
After the process ended, the incompletely calcined part was 
removed. Next, the biochar was crushed and passed through 
two sieves with pore sizes of 0.25 mm and 0.1 mm. Washing 
the biochar three times with distilled water and drying it at 
60oC for 24 hours ensures no interference from microplastics 
in the fabric and equipment from the experiment into the 
sample. Finally, the biochar was stored in a glass bottle at 
4oC. 

Polypropylene fragments (5–10 mm) used in this study 
were obtained from a local plastic manufacturer located in 
Ho Chi Minh City, Viet Nam (10o46’11.52”N, 
106o34’15.10”E). During the pre-treatment stage, the 
fragments were subjected to ball milling and passed through 
sieves with 0.25 mm and 0.1 mm pore sizes. The 
microplastics collected on the 0.1 mm sieve were washed 
three times with distilled water, filtered through vacuum 
filtration system, and dried thoroughly in an oven at 60oC for 
48 hours. They were subsequently stored in a glass bottle at 
4oC until further use. 

C. Properties of Adsorbents 
The characteristics of biochar and PP were analyzed using 

several methods. FTIR (FTIR - 6600 type A, Jasco, Hachioji, 
Tokyo, Japan) was employed with 32 scans/spectrum in the 
wavelength 497.54–4003.5 cm-1 to determine the functional 
groups of samples. The surface of samples was observed 
using a SEM (JSM–6400, Jeol, Japan) with an acceleration 
voltage of 5 kV. The point of zero charge (pHpzc) of the 
adsorbent was determined following method described in Al-
Maliky’s research [21]. The surface area and pore 
characteristics of the material were determined using the 
Brunauer–Emmett–Teller (BET) method on the equipment 
(Nova Station A, Quantachrome, USA). The samples were 
subjected to N2 adsorption at 77.350 K and degassed under 
vacuum conditions at 573 K. The BET equation was used to 
establish the relationship between the pressure (P/Po), which 
ranged from 0.01 to 0.3. After the sorption tests, the 
microplastics were separated by density using NaCl-
saturated solution while biochar was filtered through filter 
paper (Qualitative Filters Papers 5A, 110mm, Advantec, 
Japan). Each part of biochar and microplastics was dried 
completely in an oven at 60oC for 48 hours and stored in a 
glass bottle at 4oC for subsequent analysis alongside the pre-
samples for the aforementioned parameters.  

D. Batch Adsorption Tests 
To determine the optimal parameters for Cr(VI) 

adsorption by biochar, batch experiments were undertaken. 
The conditions for each experiment are detailed in Table A1. 
Subsequently, the influence of PP on Cr(VI) adsorption by 
biochar was examined through batch experiments using the 
optimal conditions mentioned above. These experiments are 
described in Table B1.  

The experiment involved adding a specific volume of 
Cr(VI) solution with a known concentration to an 
Erlenmeyer flask. The pH of solution was adjusted using HCl 
or NaOH solutions to the desired pH value. Then, the 
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appropriate amount of adsorbent (either biochar or mixture 
of PP and biochar) was added to the solution. The 
Erlenmeyer flask was shaken at room temperature using 
equipment (SCI–L330–Pro, Scilogex, USA). After the 
designated reaction time, the mixtures were filtered through 
filter paper. The Cr(VI) concentration in the filtrate was 
analyzed by measuring the absorbance of the Cr(VI) 
complex at the maximum absorption wavelength of 540 nm 
using UV-Vis equipment (V650, Jasco, Japan) [22].  

The adsorption capacity at equilibrium (qe) was 
determined using Eq. (1), which is used to calculate 
Freundlich and Langmuir adsorption isotherms. Eq. (2) 
describes the processing efficiency (%R). The experiments 
were replicated three times to obtain the average result. 

   (1) 

   (2) 

where V is the volume of solution (L), m is the amount of 
adsorbent (g), Co is the initial Cr(VI) concentration in liquid 
phase (mg/L), and Ce is the equilibrium Cr(VI) concentration 
in the liquid phase (mg/L).  

E. Kinectic and Isotherm Studies 
The kinetics of the adsorption of Cr(VI) onto biochar and 

the mixture of biochar and PP were considered using 75 
mg/L Cr(VI). Additionally, isotherm models (Redlich-
Peterson, Sips) were employed to elucidate the molecule 
distribution between the Cr(VI) ion and the solid phase at the 
equilibrium time. Table C1 describes the models used in the 
study. To verify the suitability of these models, the 
coefficients of determination R2 and Average relative error 
(ARE) are calculated based on Eqs. (3), (4). 

  (3) 

  (4) 

where qe,exp, qe,cal, and qe,mean are the experimental, caculated, 
and average adsorption capacities, respectively. N is the 
number of experimental data. 

F. Quality Control 
To determine whether Cr(VI) is present in biochar and PP, 

an experiment was conducted by adding a mixture of biochar 
and PP (0.05g: 0.05g) to deionized water without any initial 
Cr(VI) concentration at different pH values: 2, 4, 6, 8, 10, 12 
with the stirring of 200 rpm in 120 minutes (as blank control 
#1). The experiment showed no contamination of Cr(VI) 
from the adsorbents. Additionally, the recovery of Cr(VI) 
during adsorption process was evaluated by using an initial 
Cr(VI) concentration of 50 mg/L without the addition of any 
adsorbent (as blank control #2). The result showed that the 
average sample recovery was 98.5  0.6%. 

IV. RESULTS AND DISCUSSION 

A. Adsorbent Characterization 
Before adsorption, biochar exhibited a rough surface and 

numerous pores (Fig. 1a). In contrast, the surface of the PP 
microplastics was relatively flat, and the number of pores 
was negligible (Fig. 1c). These findings are consistent with 
the results presented in Table 1, which show that the surface 
area and pore volume of biochar are significantly higher than 
those of PP. After Cr(VI) adsorption, the biochar surface 
became smooth, and the pores were filled (Fig. 1b). As for 
PP, its surface showed little significant difference compared 
to pre-adsorption (Fig. 1d). However, in the mixture of 
biochar and PP after adsorption, the surface of PP became 
more irregular, and crystalline debris appeared on its surface 
(Fig. 1e). While biochar’s surface was not completely filled, 
in contrast to the adsorption process with only biochar (Fig. 
1f). Therefore, PP may hinder the adsorption Cr(VI) of 
biochar. 

 

 
Fig. 1. SEM image for (a) biochar before adsorption; (b) biochar after adsorption; (c) PP before adsorption; (d) PP after adsorption; (e) PP in the mixture 

after adsorption; (f) biochar in the mixture after adsorption. 
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Table 1. Pore structure of biochar and PP. St, Vt, and Dt represent the 
surface area, pore volume, and pore diameter. SBET represents the surface 

area determined by the BET method 
Material SBET (m2/g) St (m2/g) Vt (cm3/g) Dt (nm) 

Biochar 313.91 156.06 0.45 1.43 

PP 7.04 7.61 0.007 2.46 
 
The BET surface area of biochar and PP was 313.91 and 

7.04 m2/g, respectively (Table 1). Biochar’s pores were 
mainly micropores (less than 2 nm), while PP’s ones were 
mesopores (2–50 nm) [23]. Fig. 2 depicts the N2 adsorption-

desorption isotherms of adsorbents. The isotherm for biochar 
exhibited type II adsorption, indicating unrestricted 
monolayer-multilayer adsorption and non-porous adsorbent 
[24]. Conversely, the isotherm of PP displayed a linear 
pattern that does not conform to any isotherm based on the 
International Union of Pure and Applied Chemistry (IUPAC) 
classification system. These characteristics analyse may 
explain the higher uptake of Cr(VI) by biochar due to higher 
specific surface area and pore volume. However, PP 
microplastic may also adsorb Cr(VI) at mesopore sites on its 
surface. 

 

 
Fig. 2. N2 adsorption-desorption isotherms of the biochar and polypropylene. 

 
Fig. 3. IR spectra of (a) biochar, (b) PP before and after adsorption. 

 

 
Fig. 4. Effect of pH for the adsorption of Cr(VI) on biochar and the mixture of biochar and PP (1:1) [Initial Cr(VI) concentration 50 mg/L; solution volume 

50 mL; adsorbent mass 0.1 g; time 120 minutes; stirring speed 200 rpm]. 
 
Fig. 3a illustrates IR spectra of biochar before and after the 

adsorption process. The results show a peak at 3350 cm-1, 
typical for single bond O-H stretch. Additionally, there is a 
peak at 1592 cm-1 attributed to the elongated C=O bond 
resulting from carboxyl groups (-COOH, -COOCH3) and 

aldehydes from quinine, lactone, carboxylic acid, and 
hemicellulose. Another peak of 1429 cm-1 represents the 
characteristic (CH2) vibration of polysaccharides and 
cellulose, while a fluctuation at 743 cm-1 is described as an 
aromatic extension of –CH–. Overall, these results indicate 
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that biochar surface is predominantly covered by aromatic 
functional groups [25]. After Cr(VI) adsorption, some 
changes in the spectrum are observed, with a weaker 
fluctuation at 1429 cm-1 and the appearance of a peak at 1076 
cm-1 (C–O–H) in the IR spectrum of biochar. These changes 
can be attributed to the presence of Cr(VI) ions (Cr2O72-, 
HCrO4-) and H+ ions, which undergo ion exchange with the 
biochar surface. These findings align with previous studies 
of grass, wood, and manure-based biochars [11, 25].  

Fig. 3b illustrates FTIR spectrum of PP microplastics 
before and after adsorption. The peaks  observed at  2950  
cm-1, 2218 cm-1, 2868 cm-1, 2839 cm-1 are characteristic of -
CH- bond stretching. A peak at 1457 cm-1 represents the -
CH2 bending vibration, while a peak at 1376 cm-1 
corresponds to the -CH3 bending vibration. Peaks at 1167 
cm-1 and 1107 cm-1 indicate symmetric deformation 
vibrations of –CH3-. Additionally, peaks at 998 cm-1 and 973 
cm-1 correspond to the rocking vibrations of –CH3- and –
CH2- groups, respectively. These characteristic peaks 
confirm the presence of polypropylene [26]. After adsorption, 
the FTIR spectrum of PP shows the detection of a C=C 
double bond at the peak of approximately 1601 cm-1 [27]. 

B. Effect of pH 
The influence of pH on the Cr(VI) adsorption process is 

plotted in Fig. 4. In the case of adsorption with biochar alone, 
the highest adsorption efficiency was achieved at pH 2, 
reaching 75.6%. This can be attributed to the predominance 
of HCrO4- and Cr2O72- forms of Cr(VI) ions in the pH range 
of 2 to 6 in the solution [3]. Based on Fig. A1, the pHpzc of 
biochar derived peanut shells was determined to be 7.36. 
Therefore, in an acidic environment, biochar surface will 
attract positively charged functional groups. This finding 
suggests that a pH of 2 is necessary to create electrostatic 
attraction for adsorption of Cr(VI) ions. Additionally, the 
reduction process from Cr(VI) to Cr(III) facilitated by an 
adjacent electron donor, as described in Eqs. (5) and (6), also 
contributes to the decrease in Cr(VI) concentration in 
solution [2, 28]. At higher pH levels, the treatment efficiency 
decrease due to the formation of electrostatic repulsion 
between Cr(VI) ions and adsorbent surface, along with 
electrostatic competition between Cr(VI) anions and 
hydroxyl ions (OH-) at adsorption sites [29]. 

Cr2O72- + 14H+ + 6e- → 2Cr3+ + 7H2O (5) 

HCrO4- +3e- + 3H2O → Cr3+ +7OH- (6) 

When microplastics were present during Cr(VI) 
adsorption onto biochar, the Cr(VI) removal efficiency was 
approximately the same at pH 2 and 4. This is comparable to 
the treatment efficiency observed when only biochar was 
present at pH 4. In this study, the pHpzc of PP was 
determined to be 4.49 (Fig. B1), which is consistent with a 
previous finding by Xu (pHpzc = 4.26) [30]. Despite being a 
non-biodegradable and chemically inert microplastic, the 
surface of PP retains water molecules, forming a layer of H+ 
ions that enables electrostatic interactions with Cr(VI) anions 
(occurring at pH < pHpzc). This process may serve as the 
primary mechanism of Cr(VI) ion adsorption onto 
microplastic [18]. 

C. Effect of Contact Time 

 
Fig. 5. Effect of time for the adsorption of Cr(VI) on biochar and the mixture 
of biochar and PP (1:1) [pH 2; Initial Cr(VI) concentration 50 mg/L; 
solution volume 50 mL; adsorbent mass 0.1 g; stirring speed 200 rpm]. 
 

Fig. 5 illustrates the adsorption equilibrium time of Cr(VI) 
on adsorbents. While the adsorption tendencies were quite 
similar, the presence of PP resulted in a reduction of 3 - 10% 
in treatment efficiency compared to biochar alone. Moreover, 
the adsorption equilibrium time varied between the two cases. 
The mixture of biochar and microplastic required 420 
minutes (R = 78.3%), which was slower than biochar at 300 
minutes (R = 82.1%). This difference can be attributed to the 
competitive adsorption between biochar and PP for Cr(VI) 
ions. The adsorption performance curve of the mixture of 
biochar and PP shows a strong reversible process at the 
equilibrium point involving adsorption and desorption of 
Cr(VI) ions. This can be attributed to the outer-sphere 
complexation of Cr(VI) adsorption on PP surface. This 
complexation occurs through the binding of sorbing ions to 
the hydrate layer of water molecules and is influenced by the 
surface functional group of PP [2]. This rapid and reversible 
process makes it easier for Cr(VI) ions to be released 
compared to direct ion binding to the functional group sites 
of biochar. 

D. Effect of Adsorbent Mass and the Ratio of Biochar 
to PP  
Fig. 6a displays the relation between biochar mass and 

adsorption efficiency. In the range of 0.05 and 0.1 g biochar 
mass, there was a significant increase in treatment efficiency 
from 67.4% to 81.7%. Beyond that, the treatment capacity 
exhibited a gradual increase. With each additional 0.05 g 
biochar, the percentage of Cr(VI) removal increased by 5% 
until reaching 0.3 g (98.1%). The maximum efficiency was 
achieved at 0.4 g (99.7%). As the amount of biochar 
increased, the available adsorption sites also expanded 
accordingly, while the concentration of Cr(VI) ions in 
solution remained constant [29]. 

The total mass of adsorbent used to investigate the 
influence of ratio (biochar:PP) on Cr(VI) removal efficiency 
was 0.4 g. Fig. 6b demonstrates that with the same mass of 
adsorbent, treatment efficiency declined as the ratio of 
biochar to PP decreased or as the mass of PP increased. The 
highest processing efficiency was achieved at a ratio of 9:1 
(94.4%), while it decreased by approximately 20% to 73.8% 
at a ratio of 1:9. Therefore, PP shows some usefulness in 
adsorbing Cr(VI) ions in the solution but notably less 
effective compared to biochar. 
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Fig. 6. (a) Effect of adsorbent mass for the adsorption of Cr(VI) on biochar [pH 2; Initial Cr(VI) concentration 50 mg/L; solution volume 50 mL; time 300 
minutes; stirring speed 200 rpm]. (b) Effect of ratio of biochar to PP (weight) for the adsorption of Cr(VI) [pH 2; Initial Cr(VI) concentration 50 mg/L; 

solution volume 50 mL; total mass 0.4 g; time 300 minutes; stirring speed 200 rpm]. 
 

E. Effect of initial Cr(VI) Concentration 
Fig. 7 illustrates adsorption process of Cr(VI) at various 

concentrations onto biochar. The removal percentage of 
Cr(VI) by biochar remained nearly constant in the initial 
concentration range of 25 mg/L to 75 mg/L (99.4%–98.2%, 
respectively). However, the treatment performance 
significantly decreased to the lowest value of 89.5% at 150 
mg/L. On the one hand, the increasing Cr(VI) concentration 
results in a rising mass gradient between solution and 
adsorbents, facilitating the transfer of Cr(VI) molecules to 
the adsorbent surface [31]. On the other hand, the available 
adsorption sites on biochar surface gradually become 
saturated. With higher concentrations of Cr(VI), there are no 
vacant sites to bind the adsorbate [32]. 

 

 
Fig. 7. Effect of initial Cr(VI) concentration for the adsorption of Cr(VI) 

on biochar and the mixture of biochar and PP (1:1) [pH 2; solution volume 
50 mL; adsorbent mass 0.4 g; time 300 minutes; stirring speed 200 rpm]. 

 
For Cr(VI) adsorption with biochar and PP, removal 

efficiency exceeded 98% at an initial Cr(VI) concentration 
of 25 mg/L. However, as the initial Cr(VI) concentration 
increased, the removal performance sharply reduced 
compared to the trend observed with biochar alone 

(approximately 86%). This indicates that PP is ineffective in 
adsorbing Cr(VI) when the initial Cr(VI) concentrations are 
above 25 mg/L. The adsorption efficiency slightly increased 
from 85.1 to 87.8% when the Cr(VI) concentration rose from 
100 to 200 mg/L. This change can be explained by the 
increased Cr(VI) concentration leading to more contact 
between Cr(VI) and the microplastic surface, thereby 
forming an adsorbate multilayer. However, this process is 
insignificant when the performance change is small and the 
desorption happens simultaneously. Fig. 7 also describes a 
positive correlation between adsorption capacity of 
adsorbents and initial Cr(VI) concentration. Under the same 
experimental conditions, the adsorption capacity of biochar 
remained higher than that of a mixture of biochar and 
microplastics. 

F. Adsorption Isotherm 
From Table 2 and Fig. 8, for the Cr(VI) adsorption process 

by biochar, the Sips and Redlich-Peterson models both had 
an R2 coefficient of 0.999. Besides, the ARE of the Sips 
model was 17.9 while the Redlich-Peterson model was 18.19. 
Considering the above values, it shows that these two models 
both described the experimental adsorption data well and the 
Sips model performs was better. The ms value of the Sips 
model was relatively high, 3.03, indicating that the system 
was heterogeneous. This is consistent with the Freundlich 
model since Freundlich’s R2 was 0.89 and the ARE value 
was equivalent. Langmuir’s R2 was 0.902, however 
Langmuir’s ARE coefficient was 32.9, almost double that of 
Freundlich’s ARE. The experimental adsorption amount at 
equilibrium was higher than the value of the maximum 
adsorption capacity from the Langmuir equation. Therefore, 
the Langmuir model is not suitable to describe the 
equilibrium isotherm. 

 

 
Fig. 8. Comparison between the experimental and predicted isotherms: (a) two-parameter isotherm (Langmuir, Freundlich) and (b) three-parameter isotherm 
(Sips, Redlich-Peterson) for the adsorption of Cr(VI) by biochar and the mixture of biochar and PP (1:1) [pH 2; solution volume 50 mL; adsorbent mass 0.4 

g; time 300 minutes; stirring speed 200 rpm]. 
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Table 2. Langmuir, Freundlich, Sips, and Redlich-Peterson isotherm constant for the adsorption of Cr(VI) on biochar and the mixture (biochar and PP) 

Isotherm model Parameters 
Values 

Biochar Biochar:PP (1:1) 

Langmuir qm (mg/g) 

KL ((mg/g)/(mg/L)1/n) 

RL 

R2 

ARE 

20.75 

0.46 

0.01–0.08 

0.9 

32.9 

31.15 

0.05 

0.09 – 0.45 

0.38 

28.8 

Freundlich KF (L/mg) 

1/n 

R2 

ARE 

7.67 

0.3 

0.89 

17.9 

3.47 

0.46 

0.83 

23.2 

Sips (mg/g) 

  

 

R2 

ARE 

1780.6 

0.004 

3.03 

0.999 

17.9 

2305.3 

0.0003 

1 

0.94 

18.5 

Redlich-Peterson  (L.g-1) 

 (L.mg-1) 

n 

R2 

ARE 

89638.8 

11926.6 

0.68 

0.999 

18.19 

1.37 

0.66 

0 

0.997 

18.73 

 

 
Fig. 9. Adsorption kinetic models for Cr(VI) adsorption on biochar and mixture of biochar and PP (1:1): (a) Pseudo-first order; (b) Pseudo-second order; (c) 

Elovich diffusion; (d) Intra-particle diffusion; (e) Liquid film diffusion. 
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Considering the mixture of biochar and PP microplastics, 
the coefficients of determination (R2) of Redlich > Sips > 
Freundlich >> Langmuir. Langmuir’s ARE value was higher 
than other models’ ARE values, showing that the Langmuir 
model is not ideal for describing the adsorption equilibrium 
process. For the Sips model, ms = 1 leads the model to return 
to the Langmuir equation; however, there is no agreement 
between the qm of Sips and the qexperimental. For the Redlich-
Peterson model, the coefficient n = 0 shows that the 
adsorption system has approached the Freundlich equation at 
high concentrations and poses a heterogeneous system [33]. 

G. Adsorption Kinetic 
 

Table 3. Results of kinetic parameters for the adsorption of Cr(VI) onto 
biochar and mixture of biochar and PP (1:1) 

Kinetic model Parameters 
Values 

Biochar Biochar:PP (1:1) 

Pseudo-first 
order 

qe, cal (mg/g) 
k1 (min–1) 
R2 

1.71 
0.008 
0.93 

0.57 
0.004 
0.95 

Pseudo-second 
order 

qe, cal (mg/g) 
k2 (g/mg.min) 
h 
R2 

9.2 
0.01 
0.88 
9.996×10–1 

7.96 
0.028 
1.78 
9.999×10–1 

Elovich 
diffusion 

 
 

R2 

3.6×108 
3.06 
0.93 

2.29×1023 
7.94 
0.97 

Intra-particle 
diffusion 

kid (mg/g.min–1/2) 
Intercept 
R2 

0.048 
7.62 
0.8 

0.019 
7.34 
0.88 

Liquid film 
diffusion 

kfd (min–1) 
Intercept 
R2 

3.5×10–3 

1.68 
0.93 

1.8×10–3 

2.65 
0.95 

 
The used kinetic models in this study are pseudo-first-

order model (Fig. 9a), pseudo-second-order model (Fig. 9b), 
elovich diffusion (Fig. 9c), intra-particle diffusion model 
(Fig. 9d), and liquid film diffusion model (Fig. 9e). In 
additionally, Table 3 describes the kinetic parameters of 
Cr(VI) adsorption on biochar and the mixture of biochar and 
PP. All adsorption processes were well-fitted by both 
Pseudo-first-order and Pseudo-second-order models. 
However, the second-order kinetics model shows a better fit 
than the first-order kinetic model, as indicated by the higher 
correlation coefficient and the closer match between the 
calculated qe value (qe, cal) and the experimental qe value (qe, 
exp). The second-order kinetic model proposes that the rate-
limiting step is a chemisorption process. This chemisorption 
may involve covalent forces through the sharing or exchange 
of electrons between the adsorbent and Cr(VI) ions or 
chemical bonding between Cr(VI) ions and polar functional 
groups such as aldehydes, acetone and acids on biochar [34, 
35]. The second-order model also assumes that the 
adsorption rate depends on the adsorption capacity rather 
than the adsorbent concentration, and the adsorption is 
controlled by the available sites on the surface [35]. The 
results indicate that the initial adsorption rate (h) and the 
sorption rate constant (k2) of Cr(VI) on biochar in the 
presence of PP were higher compared to biochar alone. This 
suggests that in the presence of PP, the adsorption of Cr(VI) 
occurs more rapidly and strongly due to surface interactions 

rather than the complex and slow sorption mechanism within 
the pores [15]. 

Elovich kinetic model proposes that the adsorbent surface 
is energetically heterogeneous for second-order kinetics. The 
high correlation coefficient of both processes 
(  = 0.93;  = 0.97) indicate a 
good fit of the model. The α value of PP-presented biochar 
was higher than that of biochar, indicating a higher initial 
adsorption rate in the presence of PP. The β value also 
indicates stronger desorption in the presence of PP 
( ). 

Table 3 and Fig. 9d shows that the intra-particle diffusion 
model’s R2 values are consistently below 0.9, and their 
intercept values deviate from 0. Therefore, intra-particle 
diffusion is unsuitable for describing the Cr(VI) adsorption 
mechanism. Conversely, the R2 value of the liquid film 
diffusion model for both processes was greater than 0.9, 
demonstrating that the transport of Cr(VI) molecules from 
the liquid phase to the solid phase plays a major role in the 
adsorption process. 

V. CONCLUSIONS 
The study shows that the appearance of PP microplastics 

has adverse impacts on Cr(VI) adsorption of biochar. 
Specifically, the co-existence of PP microplastics and 
biochar leads to (1) a shift in the optimal pH value of the 
adsorption, (2) a prolonging of the adsorption equilibration 
time, (3) a decrease in treatment efficiency as the mass of PP 
increases, (4) a reduction in the limit of optimal 
concentration of Cr(VI), (5) heterogeneous distribution of 
Cr(VI) on the surface of biochar and PP microplastics, (6) 
faster and stronger adsorption of Cr(VI), and (7) an 
acceleration of the desorption process. The adsorption 
mechanism of Cr(VI) onto biochar and microplastics is 
consistent with the Freundlich and Redlich-Peterson model, 
and the adsorption pathway was predicted with film diffusion 
as the main step of the adsorption process. In further studies, 
it is necessary to clarify the chemical transformation of the 
chromium state in the adsorption mechanism. It should also 
be tested under real conditions with a wastewater matrix. 
Finally, thorough research is necessary when applying the 
adsorption process to treat pollutants in the presence of 
microplastics, as their impacts on the treatment process are 
significant. 
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