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Abstract
The generation of radioactive iodine isotopes during nuclear energy utilization can cause serious harm to
the ecological environment and public safety. While porous activated carbon shows promise for iodine
capture, balancing its adsorption performance with production costs is a central challenge that hinders
its practical adoption in nuclear waste management and emergency response. In this study, porous
activated carbons were prepared from agricultural wastes such as rice straw, corn stover, soybean straw,
rapeseed straw, and rapeseed cake through hydrothermal carbonization and KOH activation methods.
The results showed that the porous activated carbon derived from rapeseed cake (RS) had the highest
specific surface area (2025 m2/g), with iodine adsorption capacities of 5078 mg/g for iodine vapor, 1128
mg/g for iodine in cyclohexane solution, and 2187 mg/g for iodine in aqueous solution. The adsorption
of iodine vapor and iodine in aqueous solution was primarily attributed to the micropores and
mesopores of the ACs, while iodine adsorption in cyclohexane solution was predominantly governed by
micropores of the ACs. Moreover, the adsorption behavior of ACs followed pseudo-second-order kinetics
and Langmuir isotherm models, indicating that the adsorption process was primarily physical
adsorption. These results provide a theoretical basis for the further design and development of
adsorbents for iodine capture from nuclear waste and nuclear accidents, as well as for the high-value
utilization of agricultural waste.

1 Introduction
The continuous expansion of the global economy and society continues to drive growth in energy
demand. Among low-carbon options, nuclear power offers high energy density and low pollutant
emissions, aligning well with China’s sustainable development objectives [1–3]. However, nuclear energy
inevitably generates radionuclides. Catastrophic events such as the Chernobyl disaster and the
Fukushima Daiichi accident led to rapid atmospheric releases of radioactive iodine isotopes (primarily
131I and 129I), posing acute and long-term risks to human health and the environment [4–5]. These
incidents underscore the need for robust, high-performance technologies and materials for iodine
capture.

Conventional radionuclide management approaches include chemical precipitation, ion exchange,
membrane separation, electrochemical treatment, and adsorption. Among these, adsorption is widely
considered the most practical and effective route for iodine removal due to its operational simplicity,
scalability, and potential for regeneration [6–8]. An optimal adsorbent should provide: (i) high specific
surface area with a well-developed and accessible pore network [9–10]; (ii) chemical stability in contact
with the adsorbate and process media [11]; and (iii) ease of recovery and mechanical robustness for
reuse. Activated carbon (AC) satisfies many of these criteria and is particularly attractive for iodine
capture owing to its excellent physicochemical properties, cost-effectiveness, renewability,
environmental compatibility, and highly developed porosity [12–15].
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Concurrently, rapid agricultural and livestock development generates large volumes of organic waste
[16]. In China, technological and logistical constraints result in only about one-third of crop straw being
returned to the field via conservation tillage, while the remainder is typically burned directly or indirectly
[17–19], creating safety hazards, wasting resources, and causing environmental damage. Converting
waste biomass into biochar represents a promising valorization pathway [20]. Biochar is a carbon-rich
solid produced through high-temperature pyrolysis/carbonization of industrial/agricultural wastes and
plant biomass under oxygen-limited conditions [21–23]. Biochar, recognized for its cost-effectiveness
and sustainable nature, serves as a promising adsorbent for radioactive iodine [24–25]. Nevertheless,
conventional biochars often exhibit ill-defined, heterogeneous pore networks composed of pyrolytic
nanopores and macropores with varying degrees of openness [26]. Such structural disorder constrains
accessible surface area and limits maximum adsorption capacity. The variability in biochar pore
structures primarily arises from differences in biomass composition and production conditions.
Biomass-derived activated carbons display multiscale complexity due to heterogeneous mixtures of
cellulose, hemicellulose, and lignin, together with minor components such as extractives and ash, which
collectively govern pore development and iodine adsorption behavior [27–28].

Recent studies have begun to elucidate how feedstock composition and processing modulate
performance. Can et al. investigated lignin-based biochars with varied cellulose content and found that
cellulose addition partially inhibits lignin pyrolysis, increasing biochar yield [29]. However, the optimal
cellulose–lignin ratio for producing activated carbons with tailored porosity and iodine affinity remains
unresolved, and systematic studies mapping component ratios to structure–property relationships in
activated carbon are still lacking. Beyond compositional tuning, functionalization and composite
strategies have also been explored. Xiao et al. prepared nitrogen-doped hydrochar from orange peel via
urea-assisted hydrothermal synthesis, revealing a linear correlation between increased specific surface
area and reduced nitrogen content [30]. Kwak et al. investigated iodine adsorption mechanisms using
raw and bismuth-impregnated coffee-ground biochars [31]. Wang et al. synthesized bismuth-based
composites from rice husks and demonstrated superior iodine gas capture when carbon served as the
carrier [32]. Can et al. optimized production parameters—carbonization temperature, heating rate,
activation duration, and activator selection—for coal-based activated carbon to enhance mechanical
strength and iodine removal [33]. Xu et al. produced oxygen-rich microporous carbon from cellulose
diacetate via hydrothermal carbonization followed by KOH activation, achieving exceptional iodine
adsorption capacity [34]. Therefore, the biomass feedstock is a key factor determining the iodine
adsorption performance of biomass-derived activated carbon. Moreover, the iodine adsorption
mechanisms and performance characteristics of different biomass-derived activated carbons have not
yet been comprehensively studied.

In this work, we employ representative agricultural wastes—rice, corn, soybean, and rapeseed straw—and
rapeseed cake to produce shaped activated carbons via hydrothermal carbonization and KOH activation.
We systematically characterize morphology, pore architecture, and surface chemistry using SEM, TEM,
N2 physisorption, XRD, and XPS, and elucidate structure–reactivity relationships relevant to iodine
capture. We quantify iodine adsorption performance and probe the influence of cellulose, hemicellulose,
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and lignin contents on capacity and kinetics, thereby identifying an optimal waste biomass-based
activated carbon for radioactive iodine removal. This study delivers design principles that couple
biomass composition and processing to pore structure and adsorption behavior, providing theoretical
and experimental guidance for developing cost-effective adsorbents for gaseous iodine capture and for
the sustainable management and valorization of agricultural wastes.

2 Materials and methods

2.1 Reagents and materials
The biomass feedstocks—including rice straw, corn straw, soybean straw, rapeseed straw, and rapeseed
cake—adopt for preparing porous biomass-activated carbon. The raw materials of biomass feedstocks
were locally sourced from Sichuan Province. All chemical reagents were of analytical grade and used
without further purification. Specifically, iodine (I2) was obtained from Sinopharm Chemical Reagent Co.,
Ltd.. Potassium hydroxide (KOH) and cyclohexane (C6H12) were obtained from Aladdin Reagents Ltd..

Deionized water was employed throughout the experiments.

2.2 Preparation of materials
Porous activated carbons were synthesized from five biomass precursors (rice straw, corn straw,
soybean straw, rapeseed straw, and rapeseed cake) through sequential hydrothermal carbonization and
chemical activation. In the hydrothermal step, each biomass feedstock was mixed with deionized water
at a 1:10 mass ratio and processed in a Teflon-lined autoclave maintained at 200°C for 2 hours. After
cooling to room temperature, the resulting hydrochar was collected by filtration, washed repeatedly with
deionized water, and dried at 105°C overnight. The dried hydrochar was then ground and uniformly mixed
with potassium hydroxide at a 1:3 mass ratio before being compacted under 10 MPa pressure. The
mixture was transferred to a tubular furnace and first purged with high-purity nitrogen (99.99%) for 30
minutes to establish an inert atmosphere. The thermal activation protocol involved heating to 800°C at a
controlled rate of 5°C/min under continuous nitrogen flow, maintaining the target temperature for 1 hour,
and then cooling to room temperature at the same rate. The carbonized product subsequently
underwent acid washing with 5 wt% hydrochloric acid solution under magnetic stirring for 1 hour to
remove residual potassium compounds, and then rinsed thoroughly with deionized water until neutral pH
was achieved. Final drying was conducted at 120°C for 8 hours to obtain the activated carbon products.
The activated carbons (ACs) were designated as RP (rice straw-derived), CORN (corn straw-derived), SB
(soybean straw-derived), RAPE (rapeseed straw-derived), and RS (rapeseed cake-derived) for subsequent
characterization and testing.

2.3 Materials characterization
The surface morphology of the prepared samples was analyzed using Scanning Electron Microscopy
(SEM, Zeiss Sigma 300) and Transmission Electron Microscopy (TEM, JEOL JEM-F200). Crystalline
phase identification was performed by X-ray diffraction (XRD) analysis employing a Rigaku SmartLab SE
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diffractometer (Japan) with Cu-Kα radiation (λ = 0.15406 nm) under operating conditions of 40 kV and
40 mA. XRD patterns were collected in the 2θ range of 10–80° with a scanning rate of 5 °/min. Surface
chemical composition and functional group analysis were conducted using X-ray photoelectron
spectroscopy (XPS, Thermo Scientific Nexsa) with monochromatic Al Kα excitation (1486.6 eV). Textural
properties including specific surface area and pore size distribution were determined through nitrogen
adsorption-desorption measurements at 77 K using the Brunauer-Emmett-Teller (BET) method, with
samples undergoing vacuum degassing at 150°C for 6 hours prior to analysis. Chemical bonding
characteristics were investigated by Fourier-transform infrared spectroscopy (FTIR, Thermo Fisher
Scientific Nicolet iS20) in the spectral range of 4000 − 400 cm− 1 with a resolution of 4 cm− 1.

2.4 Measurement of lignin content, cellulose and
hemicellulose content
Quantitative compositional analysis was performed using the Van Soest method [35]. Samples were
initially dried, ground, and sieved to obtain uniform particles. Sequential extraction was then conducted
with neutral detergent solution followed by acid detergent solution under reflux conditions. After each
extraction step, residues were filtered, thoroughly washed, and dried to yield neutral detergent fiber (NDF)
and acid detergent fiber (ADF). The ADF fraction was subsequently treated with 72% sulfuric acid to
isolate acid detergent lignin (ADL). Cellulose content was calculated as the mass difference between
ADF and ADL, while hemicellulose content was determined from the difference between NDF and ADF.
Triplicate measurements were performed for each sample, with results expressed as mean values ± 
standard deviation. All procedures employed calibrated apparatus with analytical-grade reagents, and
method validation was confirmed using certified reference materials.

2.5 Iodine adsorption
The iodine adsorption capacity was evaluated using both vapor-phase and solution-phase methods. For
vapor-phase adsorption measurements, approximately 20 mg of adsorbent was placed in a pre-dried and
weighed glass vial, while an excess of elemental iodine was added to a separate vial. Both vials were
then sealed within an amber glass bottle and maintained at 75°C under atmospheric pressure to
simulate nuclear fuel reprocessing conditions. The system was cooled to ambient temperature after
specified time intervals (0.5, 1.5, 3, 5, 7, 12, 17, and 24 hours), with iodine uptake quantified
gravimetrically according to Eq. 1:

1

Here,  (mg/g) represents the iodine adsorption capacity;  and  are the initial weight of the
adsorbent and the change in the weight of the adsorbent after time t, respectively, and  are the
sample mass.

α =
1000 × (mt − m1)

m0

α m1 mt

m0
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To distinguish adsorption mechanisms, iodine-loaded samples were vacuum-desorbed at 125°C for 6 h.
The mass loss upon desorption was attributed to physisorbed iodine, while the chemisorbed fraction
was calculated by subtracting the physisorption from the total uptake.

For solution-phase studies, cyclohexane was selected as the solvent due to its chemical stability (boiling
point = 80.7°C) and demonstrated compatibility with iodine adsorption systems. Standard solutions were
prepared by dissolving high-purity iodine (99%) in cyclohexane at concentrations of 3000 mg/L and 5000
mg/L, with subsequent dilutions to 20–100 mg/L for calibration. UV-Vis spectrophotometric analysis at
523 nm yielded the calibration curve described by Eq. 2:

2

Adsorption isotherms were generated by exposing 5 mg adsorbent samples to 5 mL of
iodine/cyclohexane solutions (100–5000 mg/L) in sealed vials. The adsorption capacity was calculated
using Eq. 3:

3

Here, (mg/g) represents the adsorption amount of iodine;  and  (mg/L) represents the solution
concentration before and after adsorption, respectively, (mL) represents the capacity of
iodine/cyclohexane solution, and  (g) represents the mass of the adsorbent.

Kinetic experiments were conducted at initial iodine concentrations of 100 and 500 mg/L, with aliquots
collected at predefined time points over 1–24 h. Temporal adsorption profiles were obtained by
quantifying the residual iodine concentration spectrophotometrically at 523 nm against a previously
established calibration curve.

Aqueous-phase studies followed similar protocols, utilizing KI-supplemented deionized water as solvent.
The corresponding calibration curve followed Eq. 4:

4

with kinetic measurements conducted at 3000 mg/L initial concentration and sampling intervals of 1–60
minutes.

3 Results and discussion

y = 0.00409x + 0.00443(R2 = 0.999)

Qe = (C0 − C1) ×
ν

ω

Qe C0 C1

ω

y = 0.000409x + 0.00486(R2 = 0.957)
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3.1 Physical and chemical properties of ACs
Figure 1 presents microstructural analysis of RS by SEM and TEM. SEM images (Fig. 1a, b) show that RS
has an irregular morphology, with particle sizes ranging from several to tens of micrometers. The surface
features a heterogeneous porous texture with cavities spanning a broad size range. High-resolution TEM
(Fig. 1c, d) reveals an interconnected, worm-like pore network that pervades the carbon matrix, as well as
randomly oriented, slit-shaped micropores within individual particles. These observations confirm a
hierarchical pore structure comprising mesoscale cavities and nanoscale micropores, consistent with
the effective activation of the biomass-derived carbon.

Figure 2a presents the nitrogen adsorption–desorption isotherms, and Fig. 2b shows the corresponding
pore-size distributions for five activated carbons (RP, CORN, SB, RAPE, and RS). All samples exhibit Type
I isotherms as classified by IUPAC [36], indicative of predominantly microporous structures. The sharp
uptake at low relative pressures (P/P0 < 0.1) confirms the dominance of micropores, whereas the gradual

increase in adsorption at intermediate pressures (0.1 < P/P0 < 0.5) indicates the presence of
mesoporosity. Pronounced hysteresis loops at higher relative pressures are attributed to the aggressive
activation conditions (high KOH/biomass ratio), which promote the development of mesopores (3–5
nm) at the expense of micropores, particularly in the RS sample. Quantitative pore-structure parameters
are summarized in Table 1. RS exhibits the highest specific surface area (2025 m2/g) among the
samples, whereas SB has the lowest (1090 m2/g); the remaining samples display intermediate values

(1487–1560 m2/g). All activated carbons possess substantial total pore volumes (0.492–0.981 cm3/g),
with micropores constituting the majority of the pore structure. Notably, RS combines the largest total
pore volume (0.981 cm3/g) with the lowest micropore fraction (84%), indicating a unique hierarchical
porous architecture with well-developed micro- and mesopores.

Table 1
Pore structure parameters and element compositions of ACs

Sample SBET
a/m2/g Vtotal

b/mL/g V mic
e/mL/g Vmic/Vtotal O at% N at%

RP 1487.179 0.665 0.601 0.904 41.12 0.66

CORN 1494.944 0.650 0.600 0.923 28.91 0.61

SB 1090.112 0.492 0.437 0.888 35.49 1.38

RAPE 1559.274 0.669 0.622 0.930 35.28 0.72

RS 2025.110 0.981 0.824 0.840 12.65 1.22

a Specific surface area calculated by the BET method. b lota pore volume determined by N2adsorpton
at a relative pressure of 0.99. c Micropore volume determined by DFT.
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X-ray photoelectron spectroscopy (XPS) characterized the surface chemical composition of the
activated carbons (Table 1). Activation at 800°C resulted in low nitrogen contents (0.61–1.38 at%)
across all samples, whereas the oxygen content varied substantially among the biomass-derived
carbons. RS exhibited the lowest oxygen content (12.65 at%), compared with 28.91–41.12 at% for the
other samples. The survey spectra (Fig. 3a) show three characteristic peaks at 284.6 eV (C 1s), 400.5 eV
(N 1s), and 533.2 eV (O 1s), with no detectable signals from extraneous elements, indicating
compositional uniformity. High-resolution N 1s spectra (Fig. 3c) were deconvoluted into three
components—pyridinic N (398.5 ± 0.3 eV), pyrrolic N (400.1 ± 0.2 eV), and graphitic N (401.5 ± 0.4 eV)
[37]. Similarly, O 1s spectra (Fig. 3d) were deconvoluted into five components corresponding to carboxyl
(531.10 eV), carbonyl (531.9 eV), hydroxyl (533.6 eV), ether (532.65 eV), and adsorbed water (535 eV)
[38].

The KOH activation mechanism involves temperature-dependent reactions, with the dominant reactions
occurring below 700°C (Eq. 5) [39]. At temperatures below 700°C, KOH decomposition primarily yields
inorganic salts such as K2O and K2CO3 (Fig. 3b). Initially, KOH acts primarily as a pore-forming agent. In
the 700–800°C range, K2CO3 further decomposes into K₂O and metallic potassium (K), with the
concomitant release of CO or CO2 (Eqs. 6–9) [40]. At temperatures between 600 and 900°C, K2CO3

reacts with nitrogen-containing functional groups to form NH3, simultaneously creating a porous
structure. This is supported by the observed reduction in nitrogen functional groups within the activated
carbon matrix [30, 41]. However, temperatures above 800°C promote pore overactivation and structural
collapse, reducing pore volume.

5

6

7

8

9

Figure 4a reveals distinct pore characteristics: CORN, SB, and RAPE samples exhibit distributions
dominated by micropores (< 10 Å), followed by smaller mesopores (10–20 Å), and larger mesopores (> 
20 Å). RP displays a greater proportion of pores below 20 Å. Notably, RS shows a distinctive pattern with

6KOH + C → 3H2 + 2K2CO3

K2CO3 + C → K2O + 2CO

K2CO3 → K2O + CO2

2K + CO2 → K2O + CO

K2O + C → 2K + CO
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predominant 10–20 Å mesopores and > 20 Å mesopores. This pattern results from the complete
reaction between K2CO3 and nitrogen-containing functional groups in RS, generating extensive
mesopores while accounting for RS’s low nitrogen content [40, 42]. Previous studies have reported
significant correlations between the lignin, hemicellulose, and cellulose contents of activated carbons
(ACs) and their morphological, chemical, and structural characteristics. These compositional differences
directly influence adsorption performance, prompting a systematic evaluation of iodine adsorption
capacity relative to these three components. Comparative analysis shows that while all AC samples have
similar lignin contents and comparable hemicellulose levels (CORN > RS > SB > RAPE), RS exhibits
markedly reduced cellulose content at 13.27%, substantially lower than the other samples (Fig. 4b). This
profile arises from RS’s higher reactivity with KOH, which promotes extensive fibril liberation and
cellulose decomposition during activation [43]. Importantly, existing studies confirm that an optimal
cellulose-to-lignin ratio facilitates mesopore formation in activated carbons, thereby maximizing
adsorption capacity [44].

Fourier-transform infrared (FTIR) spectroscopy was used to characterize the surface functional groups
of iodine-loaded RS (RS@I2). Figure 4c shows that the FTIR spectra of RS and RS@I₂ demonstrate a
marked reduction in the intensity of the characteristic peaks of -OH, C = O, aromatic and C-H,
concomitant with a shift in the position of the -C = O peak. These modifications implicate iodine capture
via electrostatic attraction (oxygen-containing groups), hydrogen bonding (C-H), and π-π conjugation
(aromatic frameworks), supplemented by Lewis acid-base interactions where minor N-H and -CN groups
function as Lewis bases with iodate ions (Fig. 5). Complementary X-ray diffraction (XRD) was performed
to probe potential structural changes upon iodine uptake (Fig. 4d). Both RS and RS@I2 display similar

diffraction patterns with characteristic reflections at 2θ = 25° and 43°, corresponding to the (002) and
(100) planes of graphitic carbon [45], indicating graphitic ordering established during carbonization.
Notably, RS@I2 exhibits weaker peak intensities than pristine RS, likely because iodine adsorption
disrupts graphitic domains and reduces crystallinity [46].

3.2 Iodine adsorption
To mimic practical nuclear fuel reprocessing conditions, samples were placed in a sealed chamber at
75°C and atmospheric pressure. Iodine vapor adsorption capacity was determined gravimetrically from
the mass gain of the adsorbents, and the adsorption kinetics are shown in Fig. 6a. Initially, the capacity
increased with time and approached equilibrium by 5 h; however, the RS sample continued to increase
significantly between 5 and 24 h. Across the five samples, capacities ranged from 3043 to 5078 mg/g,
indicating high iodine uptake. RS exhibited the highest capacity (5078 mg/g), attributable to its rich and
well-developed pore structure. RS exhibits a significantly higher adsorption capacity than those of other
benchmark materials, including rapeseed pollen-derived activated carbon (3842 mg/g) and orange peel-
derived hydrochar (2252 mg/g) [30, 47].

The regeneration of adsorbents is critical for practical deployment. To assess the recyclability of
activated carbons (ACs) for iodine vapor capture, iodine-loaded samples underwent vacuum desorption
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at 125°C for 6 h, followed by three cycles of adsorption. As shown in Fig. 6b, all ACs maintained high
regeneration stability over three cycles. After the first cycle, CORN and RS retained 91.0% and 93.7% of
their initial capacities, respectively. CORN preserved 82.9% of its initial capacity after three cycles,
whereas RS showed the best overall performance: its third-cycle capacity (3852 mg/g) exceeded the
first-cycle capacities of the other samples. These results identify RS as a highly recyclable iodine
adsorbent. In contrast, RP, SB, and RAPE exhibited markedly lower capacity in the first cycle. This
outcome is likely attributable to their higher macroporosity (Fig. 4a), which can trap iodine molecules
deep within the pore network, leading to pore blockage. Similarly, RS, which also possesses high
macroporosity (73.9%), exhibits minimal impact on first-cycle adsorption due to its largest total pore
volume. CORN has the lowest macroporosity (50.2%). Consequently, after three adsorption cycles, only
CORN demonstrates a markedly higher recycling percentage than the other samples.

To further evaluate iodine adsorption by activated carbons (ACs) in the liquid phase, experiments were
conducted using iodine dissolved in cyclohexane. The adsorption performance in this system (Fig. 7a)
exhibits pronounced concentration dependence: below 2000 mg/L, capacity increases steeply with initial
iodine concentration and approaches a plateau above this level. Among the biomass-derived ACs, RAPE
shows the highest saturation capacity (1148 mg/g), closely followed by RS (1128 mg/g). Kinetic tests at
100 and 500 mg/L provide additional insight. In the 500 mg/L solution, the color changed from purple to
lilac, indicating effective iodine removal (Fig. 7b). The kinetic profiles show rapid uptake, reaching
equilibrium within 7 h at 100 mg/L and within 5 h at 500 mg/L (Fig. 7c and 7d). RS achieved removal
efficiencies of 97% and 75% at 100 and 500 mg/L, respectively, underscoring its potential for extracting
iodine from organic solutions.

Figure 8a shows the concentration-dependent adsorption behavior of the activated carbons (ACs).
Iodine uptake increased with the initial solution concentration up to 3000 mg/L, after which the rate of
increase diminished. RS exhibited superior performance among the biomass-derived ACs, reaching a
maximum capacity of 2187 mg/g at 5000 mg/L. Kinetic analysis at 3000 mg/L (Fig. 8b) indicates that
most ACs reached equilibrium within approximately 10 min, whereas RS and RP required about 30 min.
Despite the slower kinetics, RS maintained a high-capacity of 2066 mg/g, substantially exceeding the
other samples. Visual observations corroborate effective iodine removal, with the solution color
changing from dark red to light red; in the case of RS, the color further shifted to light yellow (Fig. 8c).

3.3 Adsorption kinetics
The adsorption mechanisms of five biomass-derived activated carbons were evaluated by kinetic
modeling. Both the pseudo-first-order (PFO) and pseudo-second-order (PSO) models fit the experimental
data well (Fig. 9; Table 2; Table 3;Table 4), with the PSO model providing the best correlation (R2 = 0.99).
These results indicate that PSO more appropriately describes iodine adsorption on the ACs. The
parameter fitting results demonstrate that the adsorption process is governed by multiple mechanisms
[48, 49]. Iodine adsorption kinetics by activated carbons in vapor, aqueous, and cyclohexane media are
governed by three rate-controlling steps: external mass transfer (film diffusion), chemisorption on
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surface sites, and intraparticle diffusion. At the outset, rapid uptake occurs via surface adsorption driven
by abundant active sites and steep concentration gradients. As adsorption proceeds, the process
becomes increasingly controlled by intraparticle diffusion, owing to the depletion of accessible sites,
lower iodine concentration, and reduced mass-transfer driving force. Equilibrium is reached when
adsorption and desorption rates balance, yielding a constant residual iodine concentration and a
saturated adsorption capacity.

Table 2
Parameters of kinetic models for iodine adsorption on ACs iodine vapor

adsorption
Sample Pseudo-first-order model Pseudo-second-order model

k1(h-1) qe(mg/g) R2 K2 (h-1) qe(mg/g) R2

RP 1.035 3602 0.917 2.514E-4 3841 0.999

CORN 1.100 3366 0.932 2.826E-4 3458 0.998

SB 0.602 3002 0.961 3.035E-4 3107 0.989

RAPE 1.195 3349 0.924 2.932E-4 3361 0.998

RS 0.338 4816 0.984 1.740E-4 5097 0.990

Table 3
Parameters of kinetic models for iodine adsorption on ACs from

cyclohexane solution.
Sample Pseudo-first-order model Pseudo-second-order model

k1(h-1) qe(mg/g) R2 K2 (h-1) qe(mg/g) R2

RP 1.299 81 0.978 0.0117 84 0.999

CORN 0.942 88 0.968 0.0108 91 0.999

SB 1.562 86 0.966 0.0113 87 0.999

RAPE 0.865 90 0.983 0.0105 92 0.999

RS 0.996 91 0.959 0.0099 97 0.999
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Table 4
Parameters of kinetic models for iodine adsorption on ACs from I2/KI

solutions
Sample Pseudo-first-order model Pseudo-second-order model

k1(h-1) qe(mg/g) R2 K2 (h-1) qe(mg/g) R2

RP 0.151 1095 0.930 7.965E-4 1158 0.997

CORN 0.781 1217 0.951 7.846E-4 1258 0.999

SB 0.667 1294 0.954 7.313E-4 1345 0.999

RAPE 0.486 1043 0.933 8.845E-4 1100 0.999

RS 0.432 1972 0.922 4.696E-4 2072 0.999

Isothermal adsorption of iodine from cyclohexane solutions was used to further evaluate the adsorption
behavior of the activated carbons (ACs). Comparison of the Langmuir and Freundlich isotherms (Fig. 10;
Table 5; Table 6) showed that the Langmuir model provided the better fit to the experimental data, as
evidenced by its higher R2 and the closer agreement between calculated and measured capacities. This
result indicates that the Langmuir model more accurately describes iodine adsorption in this system. In
the Langmuir framework, iodine molecules form a monolayer on a homogeneous surface with uniform
adsorption sites on the activated carbon [50].

Table 5
Langmuir and Freundlich isotherm parameters for iodine adsorption

(cyclohexane solution)
Sample Langmuir Freundlich

Qm (mg/g) b (mg-1) R² K n R²

RP 1248 7.552E-4 0.980 18.77 0.472 0.910

CORN 1470 6.755E-4 0.984 18.27 0.491 0.927

SB 1298 7.588E-4 0.982 19.79 0.470 0.917

RAPE 1582 6.693E-4 0.984 19.27 0.493 0.924

RS 1545 6.794E-4 0.985 19.38 0.490 0.926
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Table 6
Langmuir and Freundlich isotherm parameters for iodine adsorption (I2/KI

solution)
Sample Langmuir Freundlich

Qm (mg/g) b (mg-1) R² K n R²

RP 3585 1.718E-4 0.994 3.792 0.716 0.997

CORN 3232 2.411E-4 0.982 5.964 0.672 0.982

SB 3002 2.598E-4 0.994 5.683 0.673 0.971

RAPE 5976 8.270E-5 0.987 1.873 0.803 0.994

RS 3999 2.666E-4 0.979 7.284 0.679 0.943

4 Conclusion
Comprehensive characterization and adsorption studies identify RS-derived activated carbon as the
best-performing material among the evaluated biomass precursors, with superior textural properties
(specific surface area 2025 m2/g; total pore volume 0.981 cm3/g). This structural advantage translates
into high iodine adsorption capacities across phases: 5078 mg/g (vapor), 1126 mg/g (cyclohexane), and
2187 mg/g (aqueous). Characterization of activation chemistry indicates that nitrogen-containing
functional groups primarily enhance pore development by reacting with K2CO3 during activation, rather
than acting as primary adsorption sites. Combined experimental and theoretical evidence shows that
vapor-phase adsorption is dominated by micropore and narrow mesopore volumes (< 3 nm), with
heteroatom doping exerting minimal influence. In aqueous systems, narrow mesopores govern capacity,
whereas oxygen-containing groups increase surface polarity and promote competitive water adsorption.
In cyclohexane, adsorption correlates strongly with micropore accessibility. RS’s distinctively low
cellulose content facilitates extensive reactions with KOH that preferentially generate mesopores.
Although hemicellulose and lignin contents are comparable to those of other precursors, RS achieves
maximal adsorption through an optimal cellulose-to-lignin ratio that favors mesopore formation. Kinetic
analysis indicates that pseudo-second-order behavior (R2 > 0.98) predominates over pseudo-first-order,
consistent with combined physisorption and chemisorption. Both liquid-phase adsorption systems
follow the Langmuir isotherm (R2 > 0.95), consistent with monolayer adsorption.
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Figure 1

(a-b) SEM images; (c-d) TEM images

Figure 2
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(a) Nitrogen adsorption and desorption isotherms of ACs ;(b) Pore size distributions curves

Figure 3

(a) XPS spectra of ACs;(b) XRD patterns of the ACs with and without HCl treatment ; N 1s spectra of the
NBC samples (c) RS and O 1s spectra of the NBC samples (d) RS.
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Figure 4

(a) The relationship between pore size distribution and different biomass ACs;(b) The content of lignin,
hemicellulose and cellulose in each ACs; (c) The FTIR spectra of RS and RS@I2;(d) XRD pattern of RS and
RS@I2.
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Figure 5

The capture mechanism of ACs

Figure 6

Iodine vapor adsorption of ACs: (a) adsorption curve at 75 °C; (b) cyclic performance after 3 runs.
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Figure 7

(a) Iodine adsorption isotherm of ACs (5 mg in 5 mL solution, 24 h); (b) Visual comparison of the
iodine/cyclohexane solution (100 mg/L) before and after adsorption;(c, d) Iodine removal kinetics by
ACs at initial concentrations of 100 and 500 mg/L.
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Figure 8

(a) Iodine adsorption isotherm, (b) adsorption kinetics, and (c) visual decolorization of I2/KI solutions by
ACs. (Experimental condition for isotherm: 5 mg ACs in 5 mL solution with 1 h contact time).
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Figure 9

Pseudo-first-order model of adsorbents for iodine absorption in (a) iodine vapor;(b) iodine/cyclohexane;
(c) I2/KI solutions; pseudo-second-order model of adsorbents for iodine absorption in (d) iodine vapor;
(e) iodine/cyclohexane;(f) I2/KI solutions.
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Figure 10

Langmuir and Freundlich isotherm fits for iodine adsorption on ACs in (a, c) cyclohexane and (b, d) I2/KI
solutions.
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