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Abstract 

 
The Cocoa pod was utilized as a promising raw material for the 

green synthesis of multifunctional silver-biochar nanocomposites 

(Ag/CPB); In which, biochar is prepared from cocoa pod (CP) 

residue treated by KOH and activated conditions of 700 °C for 1 

hour in the CO2 flow after that silver-biochar nanocomposite was 

synthesized by green chemistry method using CP extraction as 

reducing and stabilizing agent. The as-prepared Ag/CPB 

nanocomposites were characterized by using several methods. 

The results showed a highly crystalline face-centered cubic 

structure of Ag beside the stacking structure of biochar layers 

(graphite 002). Both CPB and Ag-CPB are related to the type І 

and type ІV isotherms combination, indicating the existence of 

both micropore and mesopore structures. The specific surface 

area of the Ag/CBP nanomaterials was discovered up to 520 

m2/g. The uniform distribution of Ag nanoparticles with spherical 

shapes and a diameter range of 3–10 nm on the surface of the 

CPB with the stacking layer structure. The biochar nanomaterial 

showed high efficiency in the short time in removing Methyl blue 

(MB). under the suitable conditions, the MB adsorption 

efficiency reached 97% after 120 minutes. Dopping CPB by 

silver led to increasing MB adsorption efficiency, resulting in the 

adsorption time completed only 60 minutes thanks to the 

interaction of Ag and MB molecules. In addition, the antibacterial 

activity of Ag/CPB was evaluated by the minimum inhibitory 

concentration (MIC). The Ag/CPB showed excellent antibacterial 

activity against P. aeruginosa, E. coli, and Salmonella bacteria 

with a similar MIC of 1.26 μg/mL.  

 

Keywords: Cocoa pod, Green synthesis, Nanosilver, Biochar, 

Absorption, Antibacterial 

Introduction  

An increasing number of complex life activities and industrial 

production has seriously affected the safety of the quality of 

water. Wastewater not only contains a large number of persistent 

pollutants but also includes many dangerous bacteria affecting 

human health (Xiang et al., 2020; Yaqoob et al., 2020). 

Therefore, there is an urgent need to overcome these problems, 

especially in developing countries. Modern treatment methods 

such as chemical oxidizing agents, chlorination, UV radiation, 

membrane, ozonation, etc., have also been considered for water 

treatment and disinfection (Salgot & Folch, 2018; Crini & 

Lichtfouse, 2019; Rizzo et al., 2020). Although these methods are 

also effective, they have disadvantages, such as easy to create 

toxic byproducts after treatment, high operating costs, and 

inability to treat POPs and bacteria simultaneously (Crini & 

Lichtfouse, 2019). Therefore, the investigation for highly 

efficient and eco-friendly methods is receiving the attention of 

researchers. The chemical and physical adsorption of activated 

carbon can remove pollutants in water with high effectiveness 

and low cost (Hassan et al., 2017; Korotta-Gamage & Sathasivan, 

2017). But, the water treatment performance of activated carbon 

was still limited. Su et al. (2018) determined that granular 

activated carbon adsorption can even grow the antibiotic-

resistance bacterial concentration. Therefore, the solution to 

overcome water quality that is sufficient for human health is to 

develop a water treatment material that is effective, durable, low-

cost, safe, and eco-friendly.  

Plant-based activated carbon (biochar) is one of the most 

promised materials in the treatment of water due to its renewable, 

great porous, high activity, and low cost. Several studies have 

demonstrated that biochar can be used to effectively purify water 

by adsorbing heavy metals and organic pollutants. The adsorption 

of cadmium and lead in water using magnetically modified 

biochar was reported by Trakal et al. (2016). Meanwhile, Zazycki 

et al. (2018) synthesized biochar from pecans and applied it for 

the adsorption of persistent organic compounds - Active Red. The 

adsorption capacity of methylene blue was also enhanced when 

Wang et al. used ZnO/biochar nanocomposites (Wang et al., 

2018). Xu et al. (2020) investigated the efficient removal of As 
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(III) and As(V) by Fe modified biochar. However, the main 

limitation is that biochar is not able to kill bacteria present in 

wastewater and is easy to inactivate over time.  

Silver nanoparticles (AgNPs) can be considered as a potential 

coupling agent to enhance the antibacterial activity of biochar 

(Ma et al., 2021; Shi et al., 2021). AgNPs are well known as 

disinfectants against a wide range of bacteria, which have been 

widely used in sterilization and bactericidal applications. AgNPs 

have advantages over traditional disinfectants, such as excellent 

antibacterial activity and safety for human health. However, the 

practical applications of AgNPs are limited by their ease of 

oxidation, which can cause aggregation and loss of antimicrobial 

activity over time. Therefore, AgNPs require a supporting 

substrate to enhance their morphological features' stability and 

maintain antimicrobial efficacy. The introduction of AgNPs into 

supports can improve their stability, and biochar may play the 

role. Consequently, the combination of biochar and AgNPs can 

create multifunctional composites with highly porous, excellent 

adsorption capacity and against bacteria in wastewater. 

In our research, multifunctional silver-biochar nanocomposites 

were synthesized by green chemistry method using CP extraction 

as reducing and stabilizing agent, in which biochar is prepared 

from Cocoa pod (CP) residue. According to Donkoh et al. (1991), 

cocoa pods contain many compounds such as polyphenols, 

glumatic acid, alanine, flavonoids, gallic acid, etc, acting as 

reducing agents for the biosynthesis of highly efficient AgNPs 

(Kiranmai et al., 2017; Liu et al., 2019). Meanwhile, 

lignocellulosic content with the plentiful amount of cocoa pod 

husks seems to be one of the excellent precursors for biochar 

production (Ibeh et al., 2019; Han et al., 2020; Surono et al., 

2020). Bioconversion of cocoa pod to added-value product, such 

as silver-biochar in this study, is a potential approach to maintain 

the sustainability of cocoa production, but almost no study has 

been performed. The physicochemical properties of the as-

prepared silver-biochar nanocomposites were investigated. The 

absorption capacity of the silver-biochar nanocomposites is 

examined in the adsorption of Methylene Blue (MB). The 

antibacterial of the nanocomposites was assessed against 

Salmonella typhi (Salmonella), Pseudomonas aeruginosa (P. 

aeruginosa), and Escherichia coli (E. coli). 

Materials and Methods 

Materials 

Tien Giang province, Vietnam provided the Cocoa pods. 50 

grams of the Cocoa pods were minced and mixed with 1000 mL 

of deionized water after washing and draining. For 2 hours and 

under stirring, the mixture is heated to 80 °C. Finally, for further 

experiments, the Cocoa pod extract (CP extract) was filtered and 

preserved at 4 °C. The cocoa residue was obtained after the CP 

extraction and used as a raw material for activated carbon. Silver 

nitrate (AgNO3, > 99.8%), Potassium hydroxide (KOH, >85%), 

and Hydrochloric acid fuming 37% (HCl, 37%) were purchased 

from Merck and directly used without purifications. 

Synthesis of Biochar 

The residue obtained after the CP extraction was dried at 80 °C 

until constant weight, ground, and sieved to get the size lower 

than 0.25 mm. The carbonization process of the cocoa pod 

powder was done under an N2 atmosphere at a temperature of 700 

°C for 1 hour. KOH was used as an activation chemical for raw 

material undergone carbonization in a weight proportion of 1/4 at 

room temperature in 24 hours and dried at 105 °C overnight. 

Then, the sample was activated at 700 °C in 1 hour with the pure 

CO2 stream. The activated carbon was cooled down to room 

temperature. After activation, the samples activated with KOH 

were washed with a dilute solution of HCl 0.1M until the near-

neutral pH of the sample (pH ~ 7). Finally, the biochar sample 

was dried at 105 °C overnight, ground, and sieved to obtain a fine 

powder (CPB). 

Synthesis of Silver-Biochar 

The synthesis of silver-biochar using CP extract as a reducing 

agent was determined involving the presence of light 

illumination. 30 mL AgNO3 with the concentration of 1.25 mM 

was mixed with 20 ml CP extract then stirred at 300 rpm at room 

temperature. Subsequently, 5 grams of CPB were added under 

stirring and the reaction time was 180 minutes under sunlight to 

obtain silver-biochar (Ag/CPB). 

Characterization 

The phases of prepared silver-biochar were researched by X-ray 

diffraction, utilizing a Bruker D2 Phaser powder diffractometer. 

The morphology of the sample was characterized by TEM using 

JEOL JEM2100 instrument and scanning electron microscopy 

(SEM) and EDX spectrum on JEOL JST-IT 200 instrument and. 

BET surface, pore structure, and nitrogen adsorption/desorption 

isotherms of the sample were measured on the Nova 2200e 

Instrument at –196 ºC. The point of zero charges (pHPZC) was 

determined from acid-base titration. Prepared in various flasks 

were Aliquots with 25 mL of 0.1 M KCl solution. Their pH was 

adjusted from 2 up to 12 (pHi = 2, 4, 6, 8, 10, and 12) by the 

addition of 0.1 M solution of HCl or NaOH. 0.1 grams of the 

activated carbon sample was added to each flask and it was sealed 

and placed in a shaker at 180 rpm for 48 hours when the pH value 

was constant. After completion of the process, the resulting 

suspension was filtrated and determined the final pH value (pHf). 

The pHpzc value is the point where the curve pHf vs pHi (ΔpH, 

ΔpH = pHf – pHi) crosses the line pHi. 

Absorption of Methylene Blue Solution 

Batch adsorption experiments were conducted by mixing silver-

biochar with 200 mL of Methylene Blue solution with 50 mg/L 

concentration under 300 rpm stirring. The absorbed solutions by 

the time were separated by filtration and analyzed using a UV-

visible spectrophotometer on UV-1800 (Shimadzu). 

Antibacterial Activity  
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The prepared silver-biochar solution (Ag/CPB) has been tested 

for antibacterial activity against E. coli ATCC 25922, P. 

aeruginosa ATCC 15442, and Salmonella ATCC 14028 by the 

minimum inhibitory concentration (MIC) presented in our 

previous studies (Anh et al., 2019). 

Results and Discussion  

The powder XRD pattern (not shown) of the Ag, CPB, and 

Ag/CPB showed that, For XRD of Ag, the formation of AgNPs 

was confirmed by the prominent peaks at 2θ = 38.1°, 43.5°, 

64.3°, and 77.1° corresponding lattice plane value at (111), (200), 

(220), and (311) of face-centered cubic phase (JCPDS card No. 

89-3722). Meanwhile, the broad peak at 2θ in a range of 10˚–30˚ 

with a maximum at 23° in the XRD of CPB sample indicated the 

formation of biochar related to the stacking structure of layers 

(graphite 002), which is attributed to the amorphous structure of 

carbon with the small dimensions of crystallites (Kouhbanani et 

al., 2019). Meanwhile, XRD analysis of Ag/CPB shows the co-

occurrence of silver and amorphous carbon with characteristic 

peaks as above. The carbon peak is also partially obscured by the 

silver peaks. In addition, other unassigned peaks at 2θ = 28.1°, 

32.4°, 46.2°, 54.6°, and 56.7° were also observed in the nearness 

of silver and amorphous carbon peaks. These peaks are due to the 

organic compounds contained in the cocoa pod responding to the 

reduction of silver ions and dispersion of nanoparticles. 

 
Figure 1. N2 adsorption/desorption isotherms of CPB (Thu 

et al., 2021) and Ag/CPB samples. 

The N2 adsorption/desorption isotherms of prepared CPB and Ag-

CPB samples are demonstrated in Figure 1. The adsorption 

isotherms for both CPB and Ag-CPB belong to the type ІV and 

type І isotherms combination based on the classification of 

IUPAC, indicating the existence of both mesopores and 

microstructures. The hysteresis loops in all desorption isotherms 

are also characteristics of the existence in the structure of 

micropores and mesopores of the CPB and Ag-CPB. The plot 

showed the high amount of N2 adsorbed at low relative pressures, 

in which, the Ag-CPB sample seems to produce an even higher 

N2 adsorption than that of the CPB, demonstrating the higher 

microporosity of the produced activated carbon. Type І isotherms 

are often attributed to microporous samples with relatively small 

external surfaces; meanwhile, some mesoderm of the type IV 

isotherm exists in CPB due to a slight increase in N2 adsorption at 

higher relative pressures after filling of the microparticles. After 

gradually increasing P/P0 up to 0.5, the isotherms of the samples 

are almost horizontal, especially for the Ag-CPB sample. 

According to the Langmuir equation, this isotherm describes the 

monolayer adsorption. This result is completely consistent with 

the publication of Mojoudi et al. (2019). 

The specific surface area of the Ag-CPB sample was determined 

to be 520 m2/g with a pore diameter of 12.1 Å and a pore volume 

of 0.217 cm3/g. Meanwhile, the CPB sample with surface area-

specific surface area, pore diameter, and pore volume reached 

621.3 m2/g, 14.2 Å, 0.303 cm3/g, respectively (Table 1). The Ag-

CPB sample has a smaller pore diameter and pore volume, 

indicating that the micropore structure is more dominant than the 

mesopore. This result is consistent with the N2 

adsorption/desorption isotherm results of the samples. Biochar 

and Ag-biochar synthesized from cocoa pods have much better 

specific surface properties than that of biochar and Ag-biochar 

synthesized from other biological components. This proved the 

effectiveness of biochar synthesized from cocoa pods with 

abundant lignocellulosic composition. 

The particle size and morphology of the CPB and Ag-CPB were 

detailly evaluated by the TEM images (Figure 2). The TEM 

image determined the amorphous structure of the CPB sample 

(Figure 2a). Meanwhile, TEM analysis of Ag/CPB showed the 

Ag nanoparticles were spherical shapes (in dark-field) with a 

diameter range of 3–10 nm attached to the surface of biochar (in 

light-field) with the stacking layer structure (Figure 2). The TEM 

result was consistent with the analysis of XRD as mentioned 

above. 

 

Table 1. The specific surface area (SBET, m2/g), pore diameter (dpore, Å), and pore volume (Vpore, cm3/g) of the samples 

Samples SBET, m2/g dpore, Å Vpore, cm3/g 

CPB (Thu et al., 2021) 621.3 14.2 0.303 

Ag/CPB (this work) 520.0 12.1 0.217 

Biochar (banana peel) (Van Thuan et al., 2017) 63.5 11.1 0.014 

Biochar (pig manure) (Zhang et al., 2013) 218.0 57.8 0.315 

Biochar (Leucaena leucocephala seed) (Yusuff, 2019) 89.7 3.6 0.023 

Ag/Biochar (coconut shell) (Ortiz-Ibarra et al., 2018) 415.0 67.0 0.278 

Ag/Biochar (Shorea robusta leaf) (Shaikh et al., 2021) 20.9 16.1 0.070 
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a) 

 
b) 

Figure 2. TEM images of samples; a) CPB and b) Ag/CPB 

  

 
a) 

 
b) 

Figure 3. EDS mapping of elements and EDX spectrum of 

samples; a) CPB and b) Ag/CPB 

The elemental compositions of the CPB and Ag/CPB were 

determined by the analysis of EDS. The EDS result of CPB 

revealed the presence of C and O with uniform distribution 

(Figure 3a). Meanwhile, EDS of Ag/CPB exhibits the appearance 

of Ag, C, and O (Figure 3b). SEM image of EDX elemental 

analysis (Figure 3b) showed that the Ag nanoparticles were well 

distributed on the CPB surface. The appearance of the O in both 

samples may be due to the presence of phytochemicals in the 

cocoa pod on the surface. According to the EDS analysis, the 

composition of the elements in CPB was as follows: 88.38% for 

C and 11.82% for O. Similarly, the mass percentage of C, O, and 

Ag elements in Ag/CPB recorded from the EDS spectrum was 

84.84%, 13.3%, and 1.86%, respectively. The concentration of 

silver in Ag/CPB was nearly consistent with the concentration of 

silver mixed during the synthesis procedure.  

The pHPZC value of the CPB and Ag/CPB samples was 

determined approximately 7.7 and 6.5. At initial pH solution > 

pHpzc, the surface has a net negative charge, while at initial pH 

solution < pHpzc, the material surface has a net positive charge. At 

the pH = pHPZC, the interaction between the organic pollutants 

and biochar surface is minimal due to the absence of electrostatic 

force. Consequently, the initial pH solution values equal to or 

above the pHPZC will ensure a negatively charged surface of the 

material and favor adsorption by electrostatic attraction between 

material and the cationic ions of organic pollutants. 

The effects of biochar content, adsorption temperature, and initial 

solution pH on methylene blue adsorption efficiency are 

presented in Figure 4. The experimental results show that when 

increasing biochar content from 0.25 g/L to 0.5 g/L, MB 

adsorption efficiency increased strongly after 120 minutes and 

almost reached saturation (65 versus 97%) (Figure 4a). 

Obviously, with the concentration of 0.5 g/L, the adsorption 

efficiency increased steadily over time. Meanwhile, continuing to 

increase the biochar content up to 0.75 g/L, the adsorption 

efficiency only increased slightly. Therefore, to save costs for the 

treatment process, the CPB content was chosen as 0.5 g/L. The 

MB adsorption process is hardly affected by temperature when 

the process is carried out in the temperature range of 20−30 °C 

(Figure 4b). The highest adsorption capacity of biochar samples 

was shown at 25 °C.  

 
a) 
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b) 

 
c) 

Figure 4. The adsorption efficiency of MB on CPB sample; a) 

Effect of the biochar dosage (pH = 7,8; T = 25 C) b) Effect of 

the adsorption temperature (pH = 7.8, CCPB = 0.5 g/L); c) the 

initial pH solution (T = 25 C, CCPB = 0.5 g/L). 

Figure 4c showed that MB adsorption efficiency increased 

significantly when the initial pH solution increased from 7 to 7.8. 

However, further increasing the pH up to 8, the MB adsorption 

capacity decreased sharply. Change of pH value in the system of 

adsorption could cause a chemical characteristics’s transformation 

on the surface of activated carbon and the form of the adsorbate. 

The pH of the MB solution (7.8) is almost equivalent to the pHPZC 

of the CPB sample (7.7). It will facilitate the adsorption by 

electrostatic attraction between biochar and cationic ions of MB. 

Therefore, the pH of the initial solution is chosen to be 7.8. 

 
Figure 5. The comparison of the adsorption efficiency of 

MB on CPB and Ag/CPB samples at the same condition 

(CCPB, Ag/CPB = 0.5 g/L pH = 7,8; T = 25 C) 

Comparing the adsorption capacity for MB of CPB and Ag/CPB 

under the same conditions (Figure 5), it can be seen that Ag/CPB 

exhibits better MB adsorption capacity over time. This adsorption 

process of MB by Ag/CPB seems to complete at 60 min, while it 

takes up to 120 min by CPB. This could be because the addition 

of silver changed the surface properties of the biochar (as shown 

in the PZC analysis), resulting in a change in their charge density 

as well as their reactivity. Silver nanoparticles have been shown 

to bind well to MB dyes due to their affinity for the dye and their 

valence bands for freely moving electrons (Pal et al., 2013). 

Besides the instability of biochar over time due to loss in 

desorption, silver also enhances its durability by improving the 

structural stability of biochar. Therefore, Ag/CPB showed better 

adsorption capacity over time compared with CPB. 

 

 
Figure 6. The minimum inhibitory concentration of Ag/CCPB against three types of bacteria; N = 81 μg/mL (calculated on Ag 

content), E. coli (E), P. aeruginosa (P), and Salmonella (Sal). 
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The antibacterial activities of the obtained Ag/CPB were 

determined by their corresponding minimum inhibitory 

concentration (MIC). The exponential phase of bacteria delayed 

in the Ag/CPB presence was observed and this phenomenon was 

more obvious with the Ag/CPB concentration development 

(Figure 6). As observed results, the Ag/CPB could completely 

inhibit the growth of E. coli, P. aeruginosa, and Salmonella 

bacteria at a similar MIC of N/64 (1.26 µg/mL). The antibacterial 

ability of Ag/CPB against E. coli is much higher than that of 

other publications using Ag nanoparticles synthesized using 

different plant extracts, such as Ducrosia Anethifolia (64 μg/mL) 

(Kouhbanani et al., 2019), Carob leaf (500 μg/mL) (Awwad et 

al., 2013), Sasa borealis leaf (70 μg/mL) (Patil et al., 2017), and 

Agrimonia pilosa (50 μg/mL) (Patil et al., 2018); as well as their 

high antibacterial activity against P. aeruginosa, such as 

Ducrosia Anethifolia (128 μg/mL) (Kouhbanani et al., 2019), 

Sasa borealis leaf (80 μg/mL) (Patil et al., 2017), and Agrimonia 

pilosa (60 μg/mL) (Patil et al., 2018). It is explained that silver 

supported on biochar helps to increase the dispersibility of silver 

and prevent their ability to agglomerate, thereby reducing particle 

size and improving uniformity, resulting in enhanced antibacterial 

activity of Ag nanoparticles. 

Conclusion 

Successful results of this study have emphasized the usefulness of 

cocoa pods as eco-friendly and cost-effective bio-resources in the 

biosynthesis of multifunctional Ag/CPB nanocomposites. Their 

characteristic results expressed the successful Ag/CPB synthesis. 

The Ag/CPB nanocomposites showed effective adsorption of 

Methyl Blue by completing the adsorption process in just 60 

minutes, reducing the time by half compared to pure biochar. The 

antibacterial efficacy of Ag/CPB has also been demonstrated 

through excellent inhibition against E. coli, P. aeruginosa, and 

Salmonella with the low MIC minimum inhibitory concentration 

(1.26 µg/mL) thanks to the good dispersion and high uniformity 

of Ag on the biochar surface. Hence, the use of Ag/CPB 

nanocomposites may suggest potential applications in removing 

organic compounds, disinfection, and sterilization in wastewater 

treatment in the future. 
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