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Abstract  Co-carbonizing agricultural residues represents an efficient strategy to tailor activated carbon properties 
while reducing chemical activating agents. In this work, activated carbons (ACs) were prepared by blending 
sugarcane bagasse and coconut shell at different mass ratios, followed by pre-carbonization at 350 °C, KOH 
impregnation at a low mass ratio of 0.1:1 (w/w), and activation at 600°C. Characterization via Boehm titration, pHpzc, 
iodine number, and methylene blue number revealed that the precursor ratio influences both structural and chemical 
properties. Specifically, the bagasse-rich blend (CA-B80) showed the highest estimated specific surface area (576 
m2.g-1) and micropore volume (0.382 cm3.g-1) among the samples, pointing to a positive textural effect during co-
carbonization. Conversely, the coconut-rich blend (CA-B20) presented the highest concentration of carboxylic 
groups (1.31 mmol.g-1), suggesting a distinct trend in surface chemistry enhancement. In batch adsorption tests, CA-
B50 and CA-B20 achieved methylene blue uptake capacities of 492 and 477 mg.g-1, respectively, outperforming 
single-precursor analogues. These findings demonstrate that co-carbonization provides a sustainable and cost-
effective route to valorize tropical biomass wastes with minimal chemical demand. 
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1. Introduction 

The conversion of agricultural and industrial residues 
into porous carbon materials has attracted considerable 
attention as a sustainable approach to both waste 
valorization and environmental remediation. Among these 
materials, biochar and activated carbon (AC) have been 
widely investigated for applications including wastewater 
treatment, gas purification, energy storage, and CO2 
capture [1,2,3]. Sugarcane bagasse (SB) and coconut shell 
(CS) are among the most widely studied lignocellulosic 
precursors because of their abundance, low cost, and 
complementary structural characteristics. Nevertheless, 
most reported activated carbons derived from these 
feedstocks have been produced from a single biomass 
precursor [4,5,6].  

To improve pore development and material 
performance, increasing attention has been directed 
toward co-carbonization, in which two complementary 
feedstocks are thermochemically converted together. This 
approach has been reported to promote a more balanced 
pore network [7], improve mechanical stability [8], and 
generate a self-activation effect through mutual gas-phase 
interactions during pyrolysis [9]. Most published studies, 
however, have focused on blends of biomass with coal 
[10,11], sewage sludge [12,13], livestock manure and 
slurries or algae [14], often targeting the production of 
energy-related products such as bio-oils, combustible 
gases, or carbon electrodes for supercapacitor applications 
[3]. In contrast, the preparation of ACs from blends of two 
lignocellulosic biomasses, particularly SB and CS, for 
adsorption-based water treatment remains sparsely 
documented in the literature surveyed, highlighting an 
opportunity for further investigation. 

Another common feature of the reported co-activation 
processes is the use of relatively high chemical 
impregnation ratios, typically ranging from 1:1 to 5:1 
(Activating agent/biomass, w/w) [15,16,17], to enhance 
pore development. Although such conditions are 
commonly employed to maximize porosity, they are also 
likely to increase reagent consumption, production costs, 
and the environmental footprint of the process, which may 
limit their practical applicability, particularly in resource-
constrained settings. The literature surveyed did not reveal 
studies describing the co-carbonization of an SB/CS blend 
in a single crucible followed by chemical activation using 
a KOH impregnation ratio as low as 0.1:1. This approach 
could therefore represent a more sustainable and 
economically attractive alternative by reducing chemical 
consumption while maintaining the potential to produce 
effective activated carbons. 

Against this background, this study investigates the co-
carbonization of sugarcane bagasse and coconut shell 
blends in a single crucible, followed by chemical 
activation using a low KOH-to-biomass mass ratio (0.1:1). 
It is hypothesized that combining these complementary 
lignocellulosic feedstocks under mild activation 
conditions can promote the development of activated 
carbons with physicochemical properties suitable for 
adsorption while reducing chemical consumption. To 
examine this hypothesis, the prepared materials were 
characterized using widely established methods requiring 

limited instrumentation, including Boehm titration 
[18,19,20], ASTM D4607 [21], the CEFIC reference 
method [22], and the protocol proposed by Nunes et al. 
[23]. Adsorption performance was subsequently evaluated 
using methylene blue (MB) as a model pollutant, and the 
equilibrium data were analyzed using the Langmuir and 
Freundlich isotherm models. Beyond assessing the 
adsorption potential of the prepared materials, this work 
aims to explore a simpler and potentially more resource-
efficient route for producing activated carbons from 
locally available lignocellulosic residues. 

2. Materials and Methods 

The biomass precursors used in this work were sourced 
locally in the Haut-Ogooué province of Gabon. CS were 
purchased from the municipal market in Franceville, while 
SB was collected from the company “Les Sucreries du 
Gabon”. 

2.1. Activated Carbons Preparation 
The samples were washed separately with a large 

amount of water to remove surface impurities, then air-
dried for one week, followed by oven drying at 110°C for 
24h. The samples were then ground separately and pre-
calcined at 350°C for 1h30 using a NABERTHERM 
muffle furnace. After pre-carbonization, the materials 
were ground again and sieved using a mesh size of less 
than 0.1mm. The sieved powders were used to prepare 
two sets of samples. The first set was consisted of raw 
materials (SB and CS) used separately. The second set 
consisted of precursors SB and CS mixtures at different 
proportions (80/20, 50/50 and 20/80). The materials were 
then impregnated for 24h in potassium hydroxide solution 
(KOH, 1M), using a low KOH-to-biomass mass ratio of 
0.1:1 (w/w). After impregnation, the mixture was filtered 
and the solid was dried in an oven at 110°C for 24h, 
followed by carbonization at 600 °C for 2h. The obtained 
ACs were washed with 50 ml of hydrochloric acid 
solution (HCl, 1M) and then thoroughly rinsed with hot 
distilled water until neutral pH (≈ 6.5 - 7.5) was reached, 
in order to remove oxides formed during carbonization 
and any residual activating agent. The ACs were 
designated as CA-B, CA-C, CA-B20, CA-B50 and CA-
B80, corresponding respectively to ACs derived from SB, 
CS, SB and CS blends (20/80, 50/50 and 80/20). 

2.2. Determination of Carbonization Yields 

The pre-carbonization yield (Ypc) and carbonization yield 
(Yc) were quantitatively evaluated in the AC production 
process. These yields were calculated from the masses 
measured at different stages of the process [24,25] and 
constitute essential indicators for characterizing the 
thermochemical conversion of our raw materials. To evaluate 
the potential advantage of co-carbonization compared to the 
separate carbonization of the two materials, a theoretical 
yield (Yth) was calculated assuming the additivity of the 
individual contributions of each raw material [24]. Thus, the 
tree yields were calculated using the following equations:  
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where:  
𝑚𝑚𝑖𝑖 ,𝑚𝑚𝑝𝑝𝑝𝑝  and 𝑚𝑚𝑐𝑐  are respectively the initial biomass 

mass (g), the mass (g) after pre-carbonization and the 
mass (g) of AC obtained after carbonization. 𝑌𝑌𝑝𝑝𝑝𝑝 ,𝑌𝑌𝑐𝑐  and 
𝑌𝑌𝑡𝑡ℎ  are respectively the pre-carbonization yield (%), the 
carbonization yield (%) and theoretical yield (%) of the 
blend. 𝑤𝑤1  and 𝑤𝑤2  are the mass fractions of the two 
biomasses in the blend. 𝑌𝑌1  and𝑌𝑌2 are the carbonization 
yields of the two biomasses when processed separately. 

2.3. Determination of Methylene Blue 
Number, Iodine Number and  
Structural Properties 

The methylene blue number (MBN) and iodine number 
(IN) were determined according to the method of the 
European Chemical Industry Council (CEFIC, 1986) [22] 
and the ASTM D4607-94 standard [21], respectively. 
These two methods were adapted and previously 
described in earlier works developed within our laboratory 
[26]. Thus, the MBN is calculated using the following 
equation:  
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where MBN is the methylene blue number (mg.g-1), C0 is 
the initial concentration (mol.L-1) of MB, Cr is the residual 
concentration (mol.L-1) of MB, V is the volume (L) of MB 
solution and mCA is the mass (g) of AC. 

The iodine number was calculated using the following 
equation:  
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where 
IN is iodine number (mg.g-1), 𝐶𝐶𝐼𝐼2 is the concentration 

(mol.L-1) of iodine (I2) solution, 𝑉𝑉𝐼𝐼2 is the volume (L) of I2, 
DF is the dilution factor (𝐷𝐷𝐷𝐷 = 𝑉𝑉𝐼𝐼2+ 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
), 𝐶𝐶𝑁𝑁𝑁𝑁𝑆𝑆2𝑂𝑂3 is the 

concentration (mol.L-1) of sodium thiosulfate solution and 
𝑉𝑉𝑁𝑁𝑁𝑁𝑆𝑆2𝑂𝑂3  is the volume (L) of sodium thiosulfate solution. 

The structural properties of ACs were estimated using 
empirical correlation established by Nunes et al. [23], 
which relate MBN and IN to the estimated specific surface 
area (Sest.) and pore characteristics. The following 
equations were applied:  

 
Sest. = 2.28 x 102 – 1.01 x 10-1 x MBN + 3 x 10-1 x IN + 
1.05 x 10-4 x MBN2 + 2 x 10-4 x IN2 + 9.38 x 10-4 x 
MNB.IN  (6) 
 

VT = 1.37 x 10-1 + 1.90 x 10-3 x MBN + 1.00 x 10-4 x IN  
  (7) 
Vmicro = 5.60 x 10-2 – 1.00 x 10-3 x MBN + 1.55 x 10-4 x 
IN + 7.00 x 10-6 x MBN2 + 1.00 x 10-7 x IN2 – 1.18 x 10-7 
x MBN.IN   (8) 

 meso T microV V V= −  (9) 

where: 
𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒  is the estimated specific surface area (m².g-1), 𝑉𝑉𝑇𝑇 is 

total pore volume (cm³.g-1), 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is the micropore 
volume (cm³.g-1), 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is mesopore volume, MBN is the 
methylene blue number (mg.g-1) and IN is the iodine 
number (mg.g-1). According to the authors, the estimated 
values align closely experimental BET measurements, 
yielding a relative error of less than 15%. 

2.4. Determination of Surface Functional 
Groups 

The surface functional groups of the ACs were 
determined using the Boehm method [18,19,20], which is 
based on the selective neutralization of acidic and basic 
functions present on the material surface. This approach 
allows the quantification of different oxygenated 
functional groups, including carboxylic, lactonic, and 
phenolic groups, as well as basic sites. A 100 mg sample 
of AC, was immersed for 24h in 25 mL of basic solutions 
with increasing strength, namely sodium bicarbonate 
(NaHCO3, 0,1M), sodium carbonate (Na2CO3, 0,05M) and 
sodium hydroxide (NaOH, 0,1M), in order to neutralize 
carboxylic group, carboxylic plus lactonic groups, and all 
acidic functions, respectively. After filtration, the 
solutions were analyzed by acid-base titration to 
determine the amount of reagent consumed. The 
hydrochloric acid solution (HCl, 0,1M) was used to 
quantify the basic surface sites. The concentration of the 
different surface functional groups was calculated using 
the following equation:  
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where  
n is the amount (mmol.g-1) of surface functional group, 

𝑉𝑉𝑏𝑏  is the volume (L) of the blank,𝑉𝑉𝑒𝑒  is the volume (L) of 
the sample, 𝐶𝐶 is the concentration (mol·L⁻1) of the titrant 
solution and 𝑚𝑚𝐶𝐶𝐶𝐶 (g) is the mass of the AC. 

2.5. Determination of Point of Zero Charge 
The point of zero charge (pHpzc) of the ACs was 

determined using the pH drift method described by 
Kifuani et al. [27]. Briefly, 40 mg of the AC was added 
to a series of six beakers containing 20 mL of 
potassium chloride (KCl, 0.01 M) solution. The initial 
pH (pHi) of the solutions was adjusted across a range 
from 2 to 12using HCl (0.1 M) or NaOH (0.1 M). The 
suspensions were stirred for 24h to reach equilibrium. 
After settling, the final pH (pHf) was measured. The 
pHpzc was graphically determined as the abscissa of the 
intersection point of the experimental curve with the 
diagonal line (pHf = pHi). 
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2.6. Determination of Synergy Index 
The synergistic effect during the co-pyrolysis of SB and 

CS blends were evaluated based on the textural properties 
of the produced ACs, namely, the specific surface area 
(SSA) and pore volumes (micropore, mesopore and total 
volume). The Synergistic Index (SI) was calculated by 
comparing the experimental values obtained for the blends 
with the theoretical values estimated from linear 
combination of the individual precursors. The SI is 
defined as [28]:  

 exp

th

X
SI

X
=  (11) 

𝑋𝑋exp  is the experimental value of a given parameter 
(SSA, pore volume, functional group) of ACs obtained 
from the mixture, 𝑋𝑋𝑡𝑡ℎ  is the theoretical value calculated 
using the rule of mixtures: 

 1 1 2 2thX w X w X= +  (12) 

where  
𝑤𝑤1 and 𝑤𝑤2  represent the mass fraction of bagasse and 

coconut shells, respectively, in the initial mixture, while 
𝑋𝑋1  and 𝑋𝑋2  correspond to the textural properties of ACs 
derived from each precursor individually. 

2.7. Evaluation of the Adsorptive 
performance of Activated Carbons 

Adsorption tests were carried out in a batch mode at 
room temperature and at pH ≈ 6.7, using MB as the model 
pollutant. 

For the kinetic study, an initial concentration of C0 
=120 mg.L-1 was used. A mass of 25 mg of ACs was 
contacted with 100 mL of solution. The mixture was 
stirred for contact times ranging from 5 to 120 minutes 
in order to monitor the adsorption kinetic. After each 
contact time, the suspensions were filtered and the 
residual MB concentration was determined using UV-
Visible spectrophotometer (Thermo Electron 
Corporation Biomate 5). 

For the adsorption isotherm studies, MB solution with 
initial concentrations ranging from 60 to 120 mg.L-1 were 
treated under de same conditions as those employed in the 
kinetic study. The mixtures were agitated for 2h to ensure 
that the equilibrium was reached. The equilibrium 
adsorption capacity qe (mg.g-1) was calculated using the 
mass balance equation: 
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where C0 and Ce (mg.L-1) are the initial and equilibrium 
concentrations, V (L) is the solution volume, and m (g) is 
the mass of AC. 

The adsorption isotherm data were analyzed using the 
Langmuir and Freundlich models. The non-linear 
Langmuir model is expressed as:  
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where 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  (mg.g-1) is the maximum adsorption capacity 
and 𝐾𝐾𝐿𝐿 (L/mg) is the Langmuir constant. 

The Freundlich model is given by:  

 

1
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where 𝐾𝐾𝐹𝐹  is the Freundlich model and n is the 
heterogeneity factor. 

The model parameter fitting was performed using non-
linear regression with the excel solver tool, allowing 
simultaneous estimation of model constant and evaluation 
of fitting quality. 

The intraparticle diffusion model proposed by Weber 
and Morris was also applied to further investigate the 
possible contribution of pore diffusion to the adsorption 
kinetics. The intraparticle diffusion rate constant (𝑘𝑘𝑖𝑖𝑖𝑖 ) and 
the intercept (𝐶𝐶) were determined from the corresponding 
plots, with 𝐶𝐶providing an indication of the boundary-layer 
effect. 

3. Results and Discussion 

3.1. Carbonization Yields 
Table 1 presents the carbonization yields (Y) and the 

synergy index (SI) of ACs. The results showed a decrease 
in yield between Ypc and Yc. Ypc values ranged between 
30.6 and 39.9 %, whereas Yc varied from 21.1 to 27.3%. 
The lowest losses in yield between Ypc and Yc were 
observed for CA-C (6.6%), CA-B (6.3%) and CA-B20 
(6.4%), while the highest losses were obtained for CA-
B80 (9.5%) and CA-B50 (8.4%). The comparison between 
Yc and Yth revealed a non-linear behavior in the co-
carbonization process [24,29]. For CA-B80 and CA-B50, 
experimental yields were lower than theoretical prediction, 
indicating a negative deviation from the additive rule [29]. 
In contrast, CA-B20 exhibited nearly identical values 
between Yc and Yth, suggesting a transition to ideal 
mixing behavior. The SI describing deviations from 
additive behavior during co-carbonization of bagasse and 
coconut shells showed values below unity for CA-B50 
(0.92) and CA-B80 (0.86), indicating antagonistic 
interactions [29,30], while value approaching unity was 
observed for CA-B20 (1.01), suggesting progressive 
stabilization of carbon yield with increasing coconut 
content.  

Table 1. Carbonization yields and synergy index 

Samples Ypc(%) Yc (%) Yth (%) SI 
CA-B 29.9 23.6 - - 
CA-C 33.9 27.3 - - 

CA-B80 30.6 21.1 24.3 0.86 
CA-B50 31.8 23.4 25.5 0.92 
CA-B20 33.1 26.7 26.5 1.01 

Ypc: Pre-carbonization, Yc: final carbonization, Yth: theoretical yields, SI: 
Synergy Index 

 
Overall, it was observed that for ACs prepared by co-

carbonization, the mass loss increased with increasing  
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bagasse content. Indeed, carbonization generally leads to 
mass loss due to the removal of water; volatile compounds, 
and the decomposition of thermolabile compounds [31]. 
The variation in yield observed among the samples may 
be explained by the difference of their chemical 
composition. Bagasse is rich in cellulose and 
hemicellulose, which is readily decomposed into volatiles 
products at low temperatures resulting in antagonistic 
behavior and lower carbon yields, whereas increasing 
coconut shells content enhances aromatic structure 
development and carbon stabilization, progressively 
shifting the system toward additive or slightly synergistic 
system behavior. Coconut likely acts as a structural 
carbonization matrix due to the lignin which is known as 
thermally stable [32] 

However, the carbonization yields (21.1-26.7%) are 
close to or higher than those reported in the literature [33] 
for the ACs produced at moderate temperature. To select 
the best adsorbent, it is necessary to compare the yields 
with the textural and the physicochemical properties [34]. 

3.2. Textural Properties and Effect of 
Biomass Blending 

The textural properties (Table 2) of the prepared ACs 
were evaluated and compared using iodine and MB 
adsorption tests. These two compounds, which reflect the 
adsorption capacity toward small molecules associated 
with microporosity and larger molecules related to more 
accessible pores [23,35], respectively, were used as probe 
molecules to estimate the pore distribution based on the 
empirical correlation established by Nunes et al. [23]. The 
IN and MBN measured as well as the pore parameters are 
reported in Table 2. The results showed a significant 
influence of the bagasse/coconut shells ratio on IN and 
MBN. 

CA-C exhibited the lowest IN value (33.70 mg.g-1), 
indicating a limited development of accessible 
microporosity under the applied activation conditions. 
Although coconut shell is generally considered a suitable 
precursor for producing highly microporous activated 
carbons, the low KOH-to-biomass ratio used in this study 
(0.1:1) may have been insufficient to extensively promote 

pore development within its dense carbon structure. 
Similar observations have been reported for coconut shell-
derived carbons prepared under mild activation conditions, 
where the resulting materials exhibited limited 
microporosity or a greater contribution of mesopores to 
the pore network [36,37]. 

 In contrast, CA-B80 showed the highest iodine number 
(391.75 mg.g-1), exceeding those of the individual 
precursors, suggesting a beneficial effect of combining 
bagasse and coconut shell during co-carbonization [38]. 
The intermediate IN values obtained for CA-B50 and CA-
B20 indicate that decreasing the proportion of bagasse 
gradually reduced the development of accessible 
micropores. The methylene blue number (MBN) followed 
a similar trend, with values ranging from 196.08 to 277.78 
mg.g-1 and the highest adsorption capacity observed for 
CA-B80, reflecting improved accessibility of larger pores. 
However, the differences between samples were less 
pronounced than those observed for IN, suggesting  
that biomass blending mainly influenced micropore 
development rather than mesopore accessibility [39]. The 
estimated specific surface area (Sest.), calculated from the 
iodine number according to the correlation proposed by 
Nunes et al. [23], followed the same trend as the 
adsorption indices. CA-B80 exhibited the highest Sest 
(575.75 m².g-1), together with the highest micropore 
volume (0.382 cm³.g-1) and total pore volume (0.704 
cm³.g-1), confirming the greater development of its porous 
structure. 

These results suggest that the combination of SB and 
CS during co-carbonization promoted the formation of a 
more accessible pore network, likely due to 
complementary contributions from both precursors during 
carbonization and activation [40]. The pre-carbonization 
step followed by KOH activation may also have 
contributed to a more controlled development of the 
carbon structure, as reported for two-stage pyrolysis 
approaches [30]. The differences in mesopore volume 
among the samples were relatively limited, ranging from 
0.322 to 0.380 cm3.g-1. Therefore, the superior adsorption 
performance of CA-B80 appears to be mainly related to 
enhanced micropore development rather than significant 
changes in mesoporosity [41,42].  

Table 2. Textural properties of activated carbons 

Samples IN (mg.g-1) MBN (mg.g-

1) Sest. (m2.g-1) Vmicro (cm3.g-1) Vmeso (cm3.g-1) Vt (cm3.g-1) 

CA-B 261.44 196.08 430.80 0.170 0.365 0.536 
CA-C 33.70 204.08 242.80 0.148 0.380 0.528 

CA-B20 283.19 208.33 452.80 0.196 0.365 0.561 
CA-B50 250.15 212.77 423.80 0.199 0.367 0.566 
CA-B80 391.75 277.78 575.90 0.382 0.322 0.704 

IN: Iodine Number, MBN: Methylene Blue Number, Sest: Estimated Specific Surface Area, Vmicro: micropore volume, Vmeso: mesopore volume, Vt: total 
pore volume The synergistic effect of biomass blending was further evaluated using the synergy index (SI) (Figure 1). 

 
Figure 1 shows that the SI was influenced by the 

blending ratio. The highest synergistic effect was observed 
for the micropore volume of the bagasse-rich blend (CA-
B80), with a SI of 2.30. The estimated specific surface 
area also showed a positive, although less pronounced, 
synergistic effect. In contrast, the mesopore volume 
remained close to the additive behaviour (SI ≈ 1), 
indicating that co-carbonization mainly promoted 

micropore formation rather than mesopore development. 
This behaviour can be explained by the complementary 
thermal degradation of SB and CS during pre-
carbonization, which likely produced a carbon matrix with 
a greater number of reactive sites. Under the same 
activation conditions, KOH was therefore able to react 
more efficiently with this matrix, favoring the 
development of micropores during carbonization at 600°C, 
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in agreement with previous studies on two-step activation 
processes [25,40]. The relatively lower carbonization yield 
of CA-B80 further supports this interpretation, as 
micropore formation generally occurs through partial 
gasification of the carbon matrix during chemical 
activation [43]. Consequently, the increase in the 
estimated specific surface area is mainly associated with 
enhanced micropore development, while mesoporosity 
remains only slightly affected by biomass blending. 

 
Figure 1. Synergistic effect on textural properties 

3.3. Surface Chemistry and Interfacial 
Properties 

Table 3 presents the surface chemical properties of 
ACs obtained from individual precursors and their 
mixtures, impregnated with a very low mass ratio of 
activating agent to biomasses (0.1:1, w/w) and 
carbonized at 600°C. The analysis focused on surface 
functional groups, total acidity, and the pHpzc as a 
function of sample composition. The results showed high 
total acidity (1.83-3.63 mmol.g-1), associated with 
relatively low basicity (0.91-1.36 mmol.g-1). 

Table 3. Surface functional groups of activated carbons 

 Content (mmol.g-1) 
Sample

s 
Carboxyli

c 
Lactoni

c 
Phenoli

c 
Acidit

y 
Basicit

y 
pHpz

c 
CA-CC 0.81 0.50 0.50 1.81 1.02 6.45 
CA-B 0.94 0.63 2.06 3.63 0.94 6.60 
CA-
B20 1.31 0.63 1.06 3.00 0.97 6.90 

CA-
B50 1.13 0.25 0.69 2.06 0.91 6.80 

CA-
B80 1.13 0.19 1.38 2.69 1.36 6.70 

 
Although KOH is generally known to produce basic 

carbons, this behavior was not observed in the present 
study, suggesting that under these experimental conditions 
it mainly acted as a carbon network restructuring and 
pore-developing agent rather than a direct source of basic 
surface functionalities. The prior pre-carbonization of the 
biomasses also limited further changes in surface 
chemistry during activation. However, these absolute 
values do not fully reflect the interactions occurring 
between the different precursors in the mixed samples. A 
more appropriate interpretation can be obtained by 

considering the synergistic effects (Figure 2) of each 
surface functionality relative to their expected additive 
behavior. This approach helps to distinguish simple 
compositional effects from true interaction induced 
changes in surface chemistry. 

The experimental data in Figure 2 showed that the SI of 
the surface functional groups vary nonlinearly with the 
bagasse fraction during KOH activation followed by 
carbonization at 600°C [41]. At low bagasse content 
(20%), a synergistic effect was observed for acidic surface 
sites, particularly carboxylic groups (SI ≈ 1.58) and 
phenolic groups (SI ≈ 1.35). This, suggests that the 
moderate addition of bagasse promotes the formation or 
exposure of oxygen containing acidic groups during 
activation [41]. 

 
Figure 2. Synergistic effect on functional groups 

In contrast, lactonic groups exhibit a strong 
antisynergistic behavior, descreasing to SI ≈ 0.28 at 
around 80% bagasse content. The decrease in lactonic 
content observed in mixtures enriched in cellulose and 
hemicellulose-derived precursors (bagasse) can be 
attributed to their lower propensity to generate stable 
oxygen-containing aromatic intermediates during 
carbonization. These polysaccharide-rich components 
undergo extensive devolatilization [42], leading to oxygen 
loss and the formation of a less functionalized carbon 
matrix, which in turn limits lactone formation. Under the 
same conditions, basic sites increase significantly, 
reaching SI ≈1.43. This behavior can be explained by 
relative increase of basic sites in condensed aromatic 
domain, which enhances π-electron density and 
consequently increases surface basicity through the 
development of Lewis- type basic sites. From an 
applications perspective, low bagasse proportion favor 
acidic sites that may be beneficial for acid catalysis or 
selective adsorption, whereas, high bagasse proportion 
promotes a more basic surface character [44]. 

The pHpzc values do not show a direct linear 
relationship with either total acidity or basicity [45], 
indicating that surface charge behavior is not governed 
solely by the absolute concentration of acidic and basic 
sites. Instead, the observed variations reflect the combined 
effect of synergistic interactions between precursors [41], 
witch a redistribution of oxygen-containing functional 
groups [40] and a modification of electronic character of 
the carbon surface.  
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In particular, the highest pHpzc value (6.90 for CA-B20) 
suggests that intermediate compositions promote a more 
pronounced structural reorganization, leading to a surface 
where acidic functionalities are less electrochemically 
effective and partially compensates by the formation of 
less proton-affine aromatic domains [44]. This behavior 
contrast with CA-B (pHpzc = 6.60), despite its higher 
acidity (3.63 mmol/g), confirming that acidity alone does 
not dictate surface charge properties. 

At higher proportion of bagasse, the pHpzc slightly 
decrease to 6.80 (CA-B50) and 6.70 (CA-B80), 
respectively. This trend coincides with an increase in basic 
sites for CA-B80 (1.36 mmol/g), suggesting that the 
development of π-electron-rich domains partially 
compensates for surface acidity [44] and moderates the 
overall surface charge behavior. In comparison, CA-C 
exhibits the lowest pHpzc value (6.45), consistent with its 
lower degree of structural reorganization. 

3.4. Adsorptive Performances 
Figure 3 shows the adsorption kinetics of MB as 

function of time for an initial concentration of 120 mg.L-1. 
The kinetic curves show very fast adsorption during the 
first few minutes (0-8 min), followed by a gradual 
slowdown until a plateau is reached after 10 min, 
indicating that equilibrium has been established [46]. This 
behavior suggests that the molecules first attach quickly to 
the most accessible sites, and then diffuse more slowly 
into the internal pores of the ACs.  

The adsorption equilibria were conducted by plotting 
the evolution of the equilibrium adsorption capacity (Qe) 
as function of residual concentration (Ce) of MB (Figure 4) 
obtained for initial concentrations from 12 to 120 mg.L-1. 
For all the samples, the experimental data describe L-class 
curves (according to Giles’classification) [47], 
characterized by a sharp initial slop (notably for CA-B80) 
followed by a gradual leveling off. However, within the 
studied concentration range, the experimental isotherms 
show only a slight saturation plateau, with the capacity Qe 
continuing to increase moderately at the highest 
concentrations. Mathematical fitting of these profiles was 
performed using non-linear regression, allowing for a 
comparison of the suitability of the Langmuir and 
Freundlich models [48]. 

 
Figure 3. Adsorption kinetics of MB at an initial concentration of 120 
mg·L⁻¹ 

 
Figure 4. Adsorption isotherms of MB 

The results of Table 4 show that MB adsorption is 
favorable for all the samples. The RL values, ranging from 
0.0174 to 0.1475, are all below 1, confirming the 
favorable nature of the process [48]. Likewise, the n 
values obtained from Freundlich model are greater than 1 
for all ACs, indicating a good affinity between MB and 
ACs surfaces [48].  

The kinetic analysis also shows that the pseudo-second-
order model fits the experimental behavior very well for 
all ACs, with R² values ranging from 0.9985 to 0.9991. 
However, a good fit to the pseudo-second-order model 
alone does not establish a chemisorption mechanism. The 
Weber–Morris analysis provided further insight into the 
mass-transfer processes involved. The relatively low R² 
values (0.479–0.564) and the non-zero intercepts (C = 
74.17–153.32 mg.g⁻¹) indicate that intraparticle diffusion 
alone does not control the overall adsorption kinetics. 
Instead, the adsorption process likely involves a 
combination of boundary-layer mass transfer, pore 
diffusion, and adsorbate–surface interactions [46]. 
Interestingly, CA-B50 exhibited the highest 𝑘𝑘𝑖𝑖𝑖𝑖  value 
(42.10 mg g⁻¹ min⁻⁰·⁵), together with a relatively low C 
value (74.55 mg g⁻¹), indicating a comparatively higher 
apparent intraparticle diffusion rate. This behavior was 
observed for the sample that also exhibited the highest 
methylene blue adsorption capacity (492 mg g⁻¹), although 
the adsorption performance cannot be attributed to 
intraparticle diffusion alone. 

CA-B, CA-C, CA-B20, and CA-B50 are better described 
by the Langmuir model, which indicates a dominant 
tendency toward monolayer adsorption on relatively 
homogeneous sites. In contrast, CA-B80 shows a better fit 
to the Freundlich model, reflecting a more heterogeneous 
surface and a wider distribution of active sites [48,49]. This 
interpretation is consistent with its high KF value (219.60), 
witch points to a strong overall affinity for MB. 

Although the CA-B80 curve shows a higher 
experimental capacity (Qexp = 364 mg.g-1) than the other 
samples within the studied concentrations range, the 
Langmuir model extrapolates a lower Qmax (380 mg.g-1). 
This is due to its high affinity (KL = 0,4699), which 
quickly approaches saturation. In contrast, other samples 
have a lower affinity (0,0481 - 0.1378) but possess a much 
larger pool of active sites and mesoporosity, suggesting 
that the curves might cross at higher concentrations 
beyong the experimental range. In terms of maximum 
capacity, CA-B50 exhibit the highest value, with Qmax = 
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492 mg.g-1, followed by CA-B20 (477 mg.g-1) and CA-B 
(462 mg.g-1). This result indicates that a highly developed 
microporosity is not necessary the most decisive 
advantage for a relatively large molecule such as MB 
[50,51]. In this AC, a better balance between micro- and 
mesoporosity appears more favorable, as it improves 
access to the internal sites. 

CA-B50 therefore emerges as the best-performing 
material in therms of Qmax. While CA-B80 stands out 
mainly for its kinetic consistency and strong affinity. To 
further assess the relevance of the obtained activated 
carbons, their preparation conditions and adsorption-
related properties were compared with previously reported 
biomass-derived activated carbons (Table 5).  

Table 5 provides a comparison between the activated 
carbons prepared in this study and previously reported 
biomass-derived activated carbons. In general, chemical 

activation leads to a more developed porous structure than 
physical activation; however, the highest surface areas 
reported in the literature are often obtained under severe 
activation conditions involving large amounts of 
activating agents and/or high temperatures. Although 
effective for pore development, these conditions may 
increase chemical consumption, energy requirements and 
environmental constraints during the production process. 
In this study, the use of a low KOH impregnation ratio 
(0.1:1) and a moderate activation temperature (600 °C) 
resulted in estimated specific surface areas of 423-575 
m2.g-1 and methylene blue adsorption capacities of 380-
492 mg.g-1. These results suggest that combining biomass 
precursors can be an effective approach to improve 
adsorption properties while maintaining relatively 
moderate activation conditions. 

Table 4. Langmuir, Freundlich and Pseudo-second-order parameters 

  Langmuir Freundlich Pseudo -second -
order Weber-Morris 

Samples Qexp 
(mg.g-1) 

Qmax 
(mg.g-1) KL R²L RL KF n R²F k2 R²PSO Kid C R²WM 

CA-B 350 462 0.0562 0.8198 0.1290 67.8490 2.3641 0.7957 0.0025 0.9991 22.02 127.26 0.564 
CA-C 304 353 0.1378 0.8983 0.0570 114.8039 3.8230 0.8777 0.0043 0.9987 41.42 74.17 0.488 

CA-B20 314 477 0.0482 0.9717 0.1474 59.4002 2.2051 0.9458 0.0240 0.9991 21.87 136.14 0.527 
CA-B50 315 492 0.0481 0.9635 0.1475 59.7912 2.1674 0.9364 0.0192 0.9985 42.10 74.55 0.479 
CA-B80 364 380 0.4699 0.9976 0.0174 219.6013 6.8751 0.9990 0.0028 0.9985 26.13 153.32 0.553 

𝑸𝑸𝐞𝐞𝐞𝐞𝐞𝐞and 𝑸𝑸𝐦𝐦𝐦𝐦𝐦𝐦 are the experimental and maximum adsorption capacities, respectively (mg g⁻¹); 𝑲𝑲𝑳𝑳 is the Langmuir constant; 𝑹𝑹𝑳𝑳 is the Langmuir 
separation factor;𝑲𝑲𝑭𝑭and 𝒏𝒏are the Freundlich constants; 𝒌𝒌𝟐𝟐 is the pseudo-second-order rate constant; 𝒌𝒌𝒊𝒊𝒊𝒊 is the intraparticle diffusion rate constant 
(mg.g⁻¹.min⁻⁰·⁵); 𝑪𝑪is the intercept associated with the boundary-layer effect (mg.g⁻¹); and 𝑹𝑹𝟐𝟐is the coefficient of determination. 

Table 5. Comparison of activation conditions, textural properties and adsorption performance of activated carbons derived from single and 
blended biomass feedstocks 

Feedstock/Blend Blend Ratio (w/w) Activating Agent 
(Ratio, w/w) Temperature (°C) Performance Indicators Reference 

Single Precursor 

Sugarcane bagasse  
NaOH (0.1M) 
HCl (0.1M) 

Physical activation 

900 
900 
400 

SBET: 458 m².g-1 

SBET: 20.4 m².g-1 

SBET: 25.7 m².g-1 
[52] 

Coconut Shell  
NaOH (4:1) 
H3PO4 (4:1) 
ZnCl2 (4:1) 

600°C 
SBET: 546 m².g-1 

SBET: 42 m².g-1 

SBET: 23 m².g-1 
[53] 

Carob shel  0.1:1- 0.3:1 400 
Adsorption capacity 
qmax Cd: 90.58 mg.g-1 
qmax Co: 77.24 mg.g-1 

[54] 

Co-carbonization 
Willow wood with + 
homogenous biochar 1:1 K2C2O4 (1:1) 800 SBET: 1297-1409 m².g-1 [55] 

Licorice residue + 
Pistachio-nut shell  H3PO4, ZnCl2 (0.5:1-

2:1) 450-700 SBET: 1013-1492 m².g-1 [56] 

      

Sewage sludge + Rice 
husk/ bamboo sawdust 1:1 Physical activation 400-700 

SBET: 0.68-10.71 m².g-1 
higher metal 

immobilization and 
apparently lower biochar 

stability 

[57] 

Corn Stalk + Walnut Shell 
 1:1 H3PO4 (2.5:1) 500 

Iodine number: 720.5 
mg.g-1 Methylene blue 
number: 195.0 mg.g-1 

SBET: 1187 m².g-1 

[58] 

Rice straw + Acid whey 0.05:1 
0.15:1 

Hydrothermal co -
carbonization 200-300 Char yield increased by 

20% [59] 

This Work: 
Sugarcane Bagase + 

Coconut shell 

1:1 (50/50) 
4:1(80/20) 
1:4 (20/80) 

KOH 
(0.1:1) 600 

Sest: 423 m².g-1 

Sest: 575 m².g-1 
Sest: 452 m².g-1 

MB Adsorption: 
380-492 mg.g-1 

 

SBET: Specific surface area determined by the Brunauer-Emmett-Teller (BET) method, Sest: Estimated specific surface area by Nunes et al. method, MB 
= methylene blue; qmax = maximum adsorption capacity; w/w = weight ratio. The activating agent ratio refers to the mass ratio of activating agent to 
precursor.Conclusion 
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This study explores how co-carbonizing sugarcane 
bagasse and coconut shell affects the physicochemical 
properties and adsorption performance of KOH-activated 
carbons prepared under relatively mild conditions (600 °C, 
KOH/biomass ratio of 0.1:1). The blending ratio clearly 
influences the balance of synergistic effects between the 
two precursors: bagasse-rich blends promote 
microporosity and higher estimated specific surface area, 
while coconut-shell-rich blends increase oxygen-
containing surface groups and alter the acid-base character 
of the surface. These complementary features affect 
methylene blue adsorption. Although CA-B80 developed 
the most porous structure, CA-B50 showed the highest 
adsorption capacity (492 mg.g-1), suggesting that 
performance depends not only on pore development but 
also on the right balance between pore accessibility and 
surface chemistry. The adsorption kinetics were well fitted 
by the pseudo-second-order model, indicating that surface 
interactions played an important role. Overall, the results 
show that biomass blending can be an effective way to 
tune both pore structure and surface chemistry in activated 
carbons. More importantly, this performance was achieved 
with a much lower KOH impregnation ratio and a 
moderate activation temperature, which suggests that co-
carbonization could help reduce chemical and energy 
demands while still delivering strong adsorption 
performance. These findings highlight the potential of two 
abundant tropical agro-industrial residues for producing 
activated carbons for water treatment. 
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