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Abstract
This study investigated the synthesis of activated carbon from corn cob (CC), millet husk (MH), and rice

straw (RS) as sustainable, low-cost adsorbents for environmental and industrial use. A two-step
hydrothermal pretreatment followed by chemical activation with H2SO4, HNO; and ZnCl. was applied
under optimized conditions of temperature and time. Differential Thermal Analysis (DTA) showed
multi-stage decomposition with high mass losses (93% CC, 77% MH, 85% RS). Activation at lower
temperatures (150 °C) with longer times (120 min) generally improved yield, with Corn Cob Activated
Carbon (CCAC) H2SOs4 giving the highest yield (43.2 g). Proximate analysis revealed low moisture (3.4-
4.2%) and high fixed carbon (up to 82.4%) in CCAC, while Rice Straw Activated Carbon (RSAC)
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showed higher ash (13.14%) and lower fixed carbon (68.7-72.4%). Porosity studies indicated that HNOs
activation produced the highest BET surface areas: 556.5 m?*/g (CCAC), 387.0 m*/g Millet Husk
Activated Carbon (MHAC), and 434.7 m*/g (RSAC). lodine numbers confirmed superior microporosity
in CCAC H2SOs4 (1,223.5 mg/g) and MHAC H2SOs (1,154.8 mg/g). SEM images displayed irregular
porous structures, and FTIR identified functional groups (O-H, C=0, C-O, C=N) linked to surface
reactivity. pH values varied with activating agents ranging from acidic (4.4 MHAC H.SOs) to near-
neutral (7.5 RSAC ZnCl).

Keywords: Activated Carbon, Corn Cob, Millet Husk, Rice Straw, Optimization
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1. Introduction

Heavy metal contamination of soil is one of the most pressing concerns in the world and this is about
food safety and food security (Toth et al., 2016; Karim et al,, 2019). Heavy metals, dyes and other
pollutants cause food safety risks by introducing toxic metals into the food chain, which can then
accumulate in human, animal and fish tissues, leading to various organ damages and health problems
(Abdel-Rahman et al., 2022; Sabbabhi et al., 2022; Angon et al., 2024). In recent years, the use of low-
cost and waste abundant materials such as agricultural by-products in production of activated carbon
have received much attention due to the high cost of commercially activated carbon produced from coal,
woods among other sources (Baker 2018). Agricultural waste is a general term for organic substances
discarded by human in the process of agricultural practices. It broadly contains plant waste, livestock
and poultry waste and agricultural processing waste (Altenor 2009). Example of plant and agricultural
processing waste includes: saw dust of various plants, bark of trees, leaves of trees, husk of millet, wheat,
rice etc., shells of coconut, groundnut, walnut etc., stalks of millet, corn, grapes, olive, sun flower, cotton
etc., straws of wheat, rice, barley etc., others include sugarcane bagasse, orange peels, corn cob among
others (Tsade et al., 2020; Konan et al., 2020; Salahat et al., 2023; Shah et al., 2025).

In the new global economy, agricultural waste is considered to be very important feedstock due
to their renewable source, carbon rich, low cost, abundance, besides contains high concentration of
volatiles and low ash content which will favor the production of highly porous structure within activated
carbon matrix beside they have little or no economic value and often pose a disposal problem (Opia et
al., 2020). Utilization of cheap and abundant raw materials in the production of adsorbents such as
activated carbon will minimize cost of its production and will equally reduce solid waste pollution.
Paddy rice, maize and millet are among of the major food plants produce in Nigeria which besides

producing grains, also resulting in rice straw, corn cob as well as millet husk as by-product respectively
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(Nguyen et al., 2013; Akartasse et al., 2022). The burning of this agricultural waste will convert organic
components into carbon dioxide, air and ash. The ashes produce can be used as activate carbon which

has been used as industrial filters, water purification, soil remediation among others.
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Fig 1. (a) MH (b) CC (c¢) RS (d), (e) and (f) CC, MH and RS at crushin, grinding, hydrothermal

treatment, chemical treatment and carbonization stages respectively

2. Methods

The Thermogravimetric Analyzer (TGA) were first employed to study the thermal behaviour of the
samples. Synthesis was carried out according to the method reported by Adekola et al., (2017) with some
modifications. The collected samples were washed with clean water for removing any impurities, dust,
filth particles or other fine dirt particles that may be stocked in the surface of the samples. The washed
samples were sun dried for three days before subjecting to crushing using local pestle and mortar. In
order to increase surface area of the samples, the samples were further grinded using blender until tiny
particles were formed. The samples were later subjected to hydrothermal pretreatment under heating
plate using water at 200°C for 3 hours. Further, chemical activation and carbonization was carried out
according to factorial experimental design by Minitab statistical software version 19 with activation
temperature, activation time, concentration of activation agent, carbonization temperature and
carbonization time under investigation. The yield of the activated carbon was calculated using the

formular:
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Yleld (%) — initial weight of the sample X 100 eqn. (1)

final weight of activated carbon

2.1 Characterization of Activated Carbon

Moisture Content were determined according to ASTM D2867, Ash Content: ASTM D2867-17, Volatile
Organic Matter: ASTM D5832-98, Ph: ASTM D3838, Iodine Number: ASTM D4607-14. Other analysis
carried out included BET, SEM and FTIR.

3. Results and discussion

Figure 2 a, b and c¢ presents result DTA results of Corn Cob, Millet Husk and Rice Straw respectively.
TGA is a vital analytical method for examining the thermal decomposition behavior of lignocellulosic
biomass, particularly its key components: cellulose, hemicellulose and lignin. Studies reveal outlined
thermal decomposition typically occurs in three distinct stages namely: drying, pyroletic and
carbonization stages (Vassilev et al., 2010). The drying stage (30°C -170 °C), this phase is primarily
associated with the evaporation of moisture and the release of light volatiles or extractives. Across all
the samples, a minor weight loss of 2 - 4% were observed. For pyrolytic stage (200 °C - 500 °C), major
thermal degredation of organic components with significant mass loss due to decomposition of
hemicellulose, cellulose and partial lignin were observed with corn cob, millet husk and rice straw

exhibited weight loss of 93%, 77% and 85% respectively.
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Fig 2. (a) DTA of Corn Cob (b) DTA of Millet Husk (c) DTA of Rice Straw

The sharp endothermic peaks on the DTA curves especially between 370 - 500 °C further confirmed
intense decomposition with peak weight loss nearing 95-96%. Carbonization stage (>500 °C), beyond

500 °C, all samples showed negligible or no further weight loss thus indicating complete thermal
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decomposition and transition of fixed carbon. The observed thermal patterns are consistent with previous

findings by Gonzalez et al., (2009) and Chen et al., (2017).

Table 1. Optimization result for CCAC

Run | Activation | Activation | Concentration | Carbonization | Carbonization | Yield | Yield | Yield
order | temp. (°C) | time (m) temp. (°C) time (min.) (2) (2) (2)
(min.) H>SO4 | HNO3 | Zncl,
1 150 120 8 450 30 43.2 38.7 32.7
2 300 60 4 450 30 38.9 40.2 34.1
3 300 120 4 550 30 374 35.3 37.8
4 150 60 4 550 60 39.6 39.8 314
5 300 60 8 450 60 40.2 36.8 29.7
6 150 120 4 450 60 36.8 41.3 33.8
7 300 120 8 550 60 41.2 37.5 40.3
8 150 60 8 550 30 38.5 38.2 42.6

Table 1, presented results of optimization studies in the production of activated carbon from CC, MH,
and RS using chemical activating agents H.SO4, ZnCl., and HNOs. The parameters examined included
activation temperature, time, acid concentration, carbonization temperature, and carbonization time, all
of which significantly influenced the product yield and quality. For CCAC, it was observed that lower
activation temperatures (150°C) produced the highest yields across all activating agents, with H2SO4
yielding the most (43.2 g) which could be as a result of minimal thermal degradation and mass retention.
This aligns with the findings of Lua and Yang (2014), who emphasized the role of activation temperature
in determining the structural and functional properties of activated carbon. Longer activation times (120
min) at these lower temperatures also favored higher yields, supporting Ahmed and Theydan (2012) who
noted the benefit of extended agent biomass interaction for maximizing output. Higher acid
concentrations (8 M) generally improved yield (e.g., 43.2 g for H.SO4 and 40.3 g for ZnCl.), consistent
with El-Sayed and Bandosz (2015) who observed that increased acid strength promotes dehydration and
charring. However, excessive concentration may reduce structural stability (Sun et al., 2018). Optimal
carbonization occurred at 450°C for H2.SO4 and HNOs and at 550°C for ZnCl., supporting the balance
between porosity development and mass retention described by Nisar et al., (2020). Additionally, shorter
carbonization times (30 min) enhanced yield by minimizing thermal decomposition, as noted by Zhang

et al., (2023).
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Table 2. Optimization Result for MHAC

Run Activation | Activation | Concentration | Carbonization | Carbonization | Yield | Yield | Yield
Order | Temp. Time ™M) Temp. (°C) Time (min.) (g) (g) (g)
°O) (min.) H>SO4 | HNO3 | ZnCl:
1. 1300 120 4 400 30 273 287 1254
2. {300 120 8 400 60 29.6 30 28.1
3. 1300 60 8 350 60 28.1 269 |26.5
4. | 150 120 4 350 60 26.6 253 259
5. 1300 60 4 350 30 279 27 28.3
6. | 150 120 8 350 30 33 323 31.1
7. 1150 60 4 400 60 31.4 33.1 30.6
8. | 150 60 8 400 30 27.2 262 | 263

MHAC in table 2, indicated how low activation temperatures (150°C) yielded the best results across
agents HoSO4 (33 g), HNOs (33.1 g), and ZnCl> (31.1 g). This is in concordance with findings of
Akinyemi and Okon (2021) who noted that lower temperatures preserve the carbon structure. However,
some studies suggest higher temperatures promote pore development at the expense of yield (Sulaiman
and Rashid, 2020). Optimal activation times were 120 min for H.SO4 and ZnClz, but only 60 min for
HNO:s, reflecting differences in agent-biomass interaction kinetics (Ojedokun and Bello, 2019). Higher
concentrations (8 M) improved yield for H2.SO4 and ZnCl. but were detrimental for HNOs, where
moderate concentrations (4 M) were optimal. This aligns with El-Sayed and Bandosz (2015), who
emphasized that HNO; oxidative nature enhances porosity but may cause degradation at high
concentrations. Carbonization at 350°C (for H2SO4 and HNOs) and 400°C (for ZnCl2) achieved the best
yield structure balance (Nisar et al., 2020), while 30 - 60 min. durations provided sufficient volatile
removal with minimal degradation (Gupta et al., 2015).

For RSAC in Table 3, all activating agents produced the highest yields at lower temperatures (150°C),
with H2SOs yielding 28.2 g, HNOs 27.9 g, and ZnClz 26.4 g. This confirms the findings of Sulaiman and
Rashid (2020), who indicated that mild temperatures stabilize biomass and minimize mass loss.
Activation times of 120 min across all agents led to improved agent-biomass interaction and pore

development, as reported by Li et al., (2016).
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Run Activation | Activation | Concentration | Carbonization | Carbonization | Yield | Yield | Yield
Order | Temp. (°C) | Time M) Temp. (°C) Time (min.) (g) (g) (g)
(min.) H>SO4 | HNO3 | ZnCl,
1 150 120 8 350 30 23.7 22.8 23.2
2 300 60 4 350 30 26.3 25.1 24.7
3 300 120 4 400 30 25.6 25.8 25
4 150 60 8 400 30 26 244 23.1
5 150 120 4 350 60 28.2 27.9 26.4
6 300 120 8 400 60 24.3 23 21.6
7 150 60 4 400 60 24.9 23.8 23.6
8 300 60 8 350 60 27.8 25.9 24.8

In contrast to other biomasses, higher activating agent concentrations (8 M) reduced RSAC yields, likely

due to over aggressive chemical reactions. Lower concentrations (4 M) yielded better results, in line

with Mahmoud ef al., (2018) who reported that mild chemical conditions prevent structural collapse.

Carbonization at 350°C offered the best yield to structure performance, whereas 400°C caused pore

collapse (Cheng et al., 2017). Extended carbonization times (60 min) were optimal for volatile removal

and structural stability (Akinyemi and Okon, 2021).

Table 4. Proximate Analysis

Sample Moisture Content | Volatile Matter | Ash Fixed Carbon
CCAC H2S0Oq4 3.7 6.3 7.5 82.4

CCAC HNO;s 4.2 7.4 8.4 80.0

CCAC ZnCl 3.4 7.6 8.7 80.3

MHAC H2SOq4 5.62 8.20 13.14 77.86

MHAC HNO; 6.10 7.3 7.18 79.42

MHAC ZnCl; 4.81 6.93 7.14 81.12

RSAC H»S04 6.8 9.3 13.14 70.76

RSAC HNO; 7.12 10.31 10.16 72.41

RSAC ZnCl 6.81 12.42 12.06 68.71

Table 4, presented proximate analysis of the AC produced. Moisture content is a key parameter affecting

the adsorption efficiency of activated carbon. In this study, CCAC showed the lowest moisture content

(3.4-4.2%), indicating higher thermal stability and lower hydrophilicity, especially with ZnCl.

A
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activation, which promotes effective dehydration (Ahmed & Theydan, 2012; El-Sayed & Bandosz,
2015). MHAC exhibited moderate moisture levels (4.81-6.10%), possibly due to its fibrous and less
dense nature (Akinyemi & Okon, 2021). RSAC had the highest moisture content (6.8-7.12%)), attributed
to its porous, hydrophilic structure and oxygenated surface groups introduced by HNOs treatment (Sun
etal., 2018).

CCAC volatile organic matter content was lowest in H2SOa4 (6.3%) and highest in ZnCl: (7.6%).
While MHAC volatile organic matter content ranged from 6.93% (ZnCl2) to 8.20% (H2SOs) indicating
moderate carbonization efficiency. For RSAC, volatile organic matter content was highest ranging from
9.3% (H2S0s4) to 12.42% (ZnCl2) suggesting retention of organic residues. This therefore concluded
CCAC had the lowest volatile organic matter particularly with H.SOa activation hence suggesting
superior thermal stability. RSAC exhibited the highest volatile organic matter indicating less effective
carbonization compared to other feedstocks (Jamiu et al., 2017; Hassan et al., 2021).

Ash Content which representing inorganic residue, was lowest in MHAC ZnCl: (7.14%) and
highest in RSAC H2SO4 (13.14%). ZnCl> minimized ash formation across all biomass types, supporting
its value in producing pure carbon (Iloannidou & Zabaniotou, 2007; Rahman et al., 2023). High ash in
RSAC and MHAC treated with H>.SOa reduces adsorption potential.

Table S. Porosity of Activated Carbon

Sample Surface Pore Pore-size  distribution | Langmuir Iodine
Area Volume | (CM3/g) Surface Area | Number
(m*/g) (CM/g) (m*/g) (mg/g)
SBET V Micro | V Meso | V Macro
CCAC H2S04 | 351.763 0.310 0.124 | 0.176 |0.089 | 4,026.220 1,223.5
CCACHNO; | 556.473 0.476 0.175 |0.266 |0.128 | 4,026.220 932.428
CCAC ZnCl, | 304.460 0.269 0.147 | 0.151 |0.076 1,749.310 956.62
MHAC H>SO4 | 318.265 0.281 0.112 | 0.162 |0.028 | 5,227.260 1,154.84
MHAC HNO; | 387.048 0.353 0.153 | 0.214 |0.114 | 2,095,585 913
MHAC ZnCl, | 270.014 0.241 0.98 0.141 |0.072 | 270.014 852.46
RSAC H2SO4 | 329.838 0.149 0.073 |0.097 |0.046 | 329.838 813.28
RSAC HNO; | 434.702 0.388 0.0155|0.224 | 0.115 | 432.702 834.62
RSAC ZnCl 281.104 0.253 0.105 | 0.151 |0.077 | 208.944 804.86

Fixed Carbon which isa key indicator of carbonization efficiency was highest in CCAC H2SOs
(82.4%) and MHAC ZnCl: (81.12%), while RSAC showed the lowest (68.71-72.41%). This confirms
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CC superior carbon retention and suitability for adsorption applications, especially under H2SOa
activation (Sulaiman ef al., 2022; Ambursa et al., 2023).

The porosity characteristics of activated carbons synthesized from CCAC, MHAC and RSAC using
H>SO4, HNO:s, and ZnCl: activators reveal significant variations in BET surface area, pore volume, pore
size distribution, Langmuir surface area, and iodine number highlighting the influence of both precursor
and chemical activator on pore architecture are indicated in table 5. From the result, HNOs activated
samples consistently yielded the highest BET surface areas for CCAC (556.47 m?/g), MHAC (387.05
m?/g), and RSAC (434.70 m?/g) hence, attributed to its strong oxidative action that promotes pore
opening through surface functionalization and volatile removal (Gonzalez 2018). Conversely, ZnClz
activated samples exhibited the lowest BET surface areas, aligning with its catalytic tendency to form
wider but fewer pores, limiting total surface area (Shaikh et al., 2018; Nyamful et al., 2021).

In terms of total pore volume, HNOs activation again proved most effective, achieving 0.476
cm?/g in CCAC, 0.353 cm?/g in MHAC, and 0.388 cm?/g in RSAC, with mesopores generally dominant.
This indicates its advantage for adsorbing a wide range of molecular sizes. ZnCl. showed more
mesoporosity but with lower micropore volume, which may hinder adsorption of smaller molecules
(Saka, 2012). Pore size distribution analysis revealed that HNOs and H>.SOs activation tend to favor
mesopore and micropore development, respectively, whereas ZnCl: activation yields more mesoporous
materials, with moderate adsorption capacity (Du ef al., 2021). The feedstock's intrinsic properties such
as lignin content in corn cob and silica in rice straw also played a role in determining the final porosity
(Ioannidou & Zabaniotou, 2007; Ahmad et al., 2015).

Langmuir surface area, indicative of monolayer adsorption capacity, peaked in MHAC H2SOs
(5,227.26 m*/g) and CCAC H2SO«/HNOs (4,026.22 m?/g). These results suggest that H2.SO4 enables
extensive micropore development through dehydration and sulfonation (Feng et al., 2020). In contrast,
ZnCl> showed markedly lower Langmuir areas, consistent with its reduced microporosity (Song et al.,
2013).

Iodine number, a proxy for micropore content and small molecule adsorption, followed similar
trends. The highest values were observed for CCAC H2SOa4 (1,223.5 mg/g) and MHAC H2S0O.4 (1,154.84
mg/g), confirming the effectiveness of sulfuric acid in producing microporous structures (Tubino &
Aricetti 2013). In RSAC, HNOs activation showed the highest iodine value (834.62 mg/g), although
overall values were lower due to silica interference in rice straw (Demiral & Gungor, 2016). The SEM
images of the activated carbon synthesized from all the samples presented in figure 2, show a highly
porous and irregular surface morphology characterized by the presence of deep crevices and

interconnected pores.
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Figure 2. SEM Images of: (a) CCAC H2SO4(b) CCAC HNOs3 (c) CCAC ZnClz (d) MHAC H2SO4
(e) MHAC HNO:s (f) MHAC ZnCl: (g) RSAC H2SO4(h) RSAC HNO;3 (i) RSAC ZnClz
However, with exception CCAC HNO3z and RSAC H2SOs, all samples appear to have fibrous-
like structure with long ridges. For the case of CCAC HNO; and RSAC H.SOs, a cross-interconnected
spongy-like pore was observed. Some studies describe how presence of rough and micro-pores offers
more adsorption sites for activated carbon adsorbents (Saka 2012). The difference in pore size and shapes
observed from the samples could be as a result of depolymerization and release of volatile substances

from the samples during carbonization process thus leading to enhanced porosity (Ali et al., 2020).
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FTIR SPECTRA OF MILLET HUSK ACTIVATED CARBON MHAC FTIR SPECTRA OF RICE STRAW ACTIVATED CARBON (RSAC)
FTIR SPECTRA OF CORN COB ACTIVATED CARBON (CCAC) R
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Figure 3. FTIR Spectrum (a) CCAC (b) MHAC (c¢) RSAC

FTIR analysis presented in Figure 3 confirmed the presence of diverse functional groups on the surfaces
of activated carbons derived from CCAC, MHAC and RSAC reflecting the influence of chemical
activating agents H.SOs, HNOs and ZnCl: on surface chemistry and adsorption potential. Across all
samples, strong C-O stretching vibrations were observed, indicating the presence of alcohols, ethers, or
phenols, which enhance hydrophilicity and favor adsorption of polar species such as dyes and heavy
metals (Danish & Ahmad, 2018; Ojedokun & Bello, 2019). Peaks associated with C=C or C=N
stretching (alkynes or nitriles) were also present, particularly in HNOs and ZnCl. activated samples,
suggesting incorporation of nitrogen functionalities and increased unsaturation, which improve
reactivity and adsorption of organic and acidic pollutants (Gao et al., 2013). Moreso, C=0 stretching
vibrations, representative of carbonyl, carboxyl, or ester groups, were common in all acid-activated
samples. These groups provide acidic adsorption sites and contribute to interactions with inorganic
contaminants (El-Hendawy, 2009). Peaks associated with O=C=0 vibrations were attributed to adsorbed
CO: or carbonate species, indicating partial oxidation of the carbon surface, beneficial for acidic gas
capture (Jiang et al., 2013).

Additionally, several samples exhibited C-H stretching bands related to aliphatic and aromatic
hydrocarbons, which suggest retained organic frameworks and contribute to the adsorption of non-polar
pollutants (Saucier et al., 2015). Notably, ZnCl. activated samples showed multiple bands reflecting
aromaticity, conjugation, and residual nitrogen groups, contributing to structural stability and enhanced
performance in adsorbing a wide range of contaminants (Ali ez al., 2020). Similarly, the presence of O-

H stretching bands in certain samples confirmed the existence of hydroxyl groups, known to increase
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surface polarity and water affinity, further supporting the carbons’ utility in aqueous phase adsorption

applications (Guo & Rockstraw, 2007).

Table 6. pH of the Activated Carbon

Activated Carbon pH
CCAC H2S0O4 4.8
CCAC HNO;s 5.3
CCAC ZnCl 6.8
MHAC H2SOq4 4.4
MHAC HNO; 4.9
MHAC ZnCl; 7.2
RSAC H2S04 5.5
RSAC HNO; 5.8
RSAC ZnCl 7.5

The pH of activated carbon presented in table 6 reflects its surface acidity, which is influenced by both
the activating agent and the biomass precursor. In this study, H.SO4 treated samples showed the lowest
pH values (4.4 -5.5) due to the incorporation of strong acidic groups like sulfonic and carboxylic
functionalities (Thommes et al, 2015). HNOs activation yielded moderate pH values (4.9 -5.8),
attributed to nitro and carboxylic groups that impart milder acidity (Yahya et al., 2015). In contrast,
ZnCl: activated samples exhibited the highest pH (6.8 -7.5), indicating a more neutral surface, as ZnCl.

enhances porosity without introducing significant acidity (Kumar et al., 2011; Jami’u et al., 2017).

Conclusion

This study successfully synthesized AC from CC, MH and RS through hydrothermal pretreatment
followed by chemical activation using H2SO4, HNOs, and ZnCl.. The results demonstrate that precursor
type and activating agent significantly influence the physicochemical and surface properties of the
resulting carbons. CC consistently produced superior yields and higher fixed carbon content compared
to MH and RS, indicating its greater suitability as a precursor. Among the activating agents, H.SO4 and
HNOs promoted enhanced porosity and surface functionality, with CCAC H2SOs achieving the highest
iodine number (1,223.5 mg/g) and CCAC HNOs showing the largest BET surface area (556.5 m?/g).
FTIR and SEM analyses confirmed the presence of oxygenated functional groups and well-developed

pore structures, both of which are essential for adsorption applications. Overall, CC derived activated
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carbons, particularly those activated with H2.SO4 and HNOs, demonstrated the best combination of yield,
porosity, and functional groups, underscoring their potential as low-cost, sustainable adsorbents for
wastewater treatment and environmental remediation. Future studies should extend this work to
adsorption performance testing with specific contaminants, kinetic and isotherm modelling, and

regeneration studies to fully establish their practical applicability.
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