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ABSTRACT: This study presents a systematic evaluation of bamboo-derived activated carbons (ACs) prepared using
three alkaline activating agents-KOH, KHCO3, and K2CO3-for efficient formaldehyde adsorption. The pore structures
of the resulting ACs were modulated by varying the alkali-to-carbon (A/C) ratio from 1:1 to 4:1, and the effects
on microstructure and adsorption performance were thoroughly investigated. Among all samples, AC-MB@KOH(3)
demonstrated superior performance, featuring a high specific surface area of 2141.77 m2/g and a removal efficiency of
90%, attributed to its rich microporous texture and well-developed hierarchical porosity. Comparative analysis revealed
that the activation strength and decomposition behavior of different alkaline agents critically influenced pore formation
dynamics and gas diffusion pathways. Correlation analysis indicated a strong linear relationship between formaldehyde
removal efficiency and micropore volume (R2 = 0.87), emphasizing the pivotal role of micropores in gas molecule
capture. These findings underscore the advantages of strong alkaline activation and offer a theoretical foundation for
designing high-efficiency, biomass-derived porous adsorbents for indoor air purification applications.

KEYWORDS: Bamboo-based activated carbon; alkaline activation; formaldehyde removal; microporous structure;
indoor air purification

1 Introduction
In modern architectural design and building engineering, indoor air quality (IAQ) has become a

central issue that directly affects human health, comfort, and well-being [1–5]. With the advent of energy-
efficient buildings and airtight envelopes, indoor environments are increasingly prone to the accumulation of
volatile organic compounds (VOCs), which are released from construction materials, furniture, decorative
finishes, and household chemicals [6,7]. Among the various VOCs, formaldehyde (HCHO) is one of the
most ubiquitous and hazardous contaminants due to its persistent emission characteristics and adverse
health effects [8–10]. It is a potent irritant, a respiratory sensitizer, and a Group I carcinogen as classified by
the International Agency for Research on Cancer (IARC) [11]. Given its widespread occurrence in interior
spaces-from flooring adhesives and artificial board to paints and textiles-formaldehyde is a representative
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indoor VOC widely used to evaluate the adsorption performance of porous materials in building-related
applications [12–15].

To mitigate formaldehyde pollution in built environments, various removal techniques have been
developed, such as catalytic oxidation, chemical absorption, photocatalysis, and plant-based biological
filtration [16–19]. However, these methods often suffer from high cost, poor scalability, sensitivity to
environmental conditions (e.g., humidity, temperature), and limited removal efficiency under low pol-
lutant concentrations [20]. In contrast, physical adsorption using porous carbon materials has garnered
considerable attention as a promising route due to its simplicity, environmental friendliness, and broad
adaptability to indoor applications. In particular, adsorption-based modules can be easily integrated into
building ventilation systems, wall or floor panels, or portable air purifiers without the need for complex
control systems [21–23].

Activated carbon (AC) remains one of the most effective adsorbents for VOC removal owing to its large
specific surface area, high thermal stability, and tunable pore structure [24,25]. However, traditional ACs-
especially those derived from fossil-based or industrial feedstocks-are often limited by their low selectivity for
polar, small-sized molecules such as formaldehyde. This is primarily attributed to the insufficient proportion
of ultra-micropores (pore width < 0.7 nm) and lack of surface polar functional groups, which restrict the
interaction between the adsorbent and the target molecule [26–28]. Recent efforts to enhance the adsorption
performance of ACs have focused on two major approaches: (I) introducing heteroatoms such as N or O
through doping or post-treatment, which enhances surface polarity and chemical affinity; and (II) optimizing
pore architecture, especially the hierarchical arrangement of micropores and mesopores, to improve both
uptake capacity and mass transport dynamics [29–32]. Despite these developments, a unified understanding
of how pore structure characteristics (micro- and meso- pores) correlate with adsorption performance
remains an open research challenge.

Alkaline chemical activation has emerged as a widely adopted method for tailoring the pore structure
of carbon materials due to its controllability, scalability, and cost-effectiveness [33–36]. Among alkaline
agents, potassium-based activators such as KOH, KHCO3, and K2CO3 are frequently used. These activators
differ significantly in their thermal decomposition pathways, gas evolution behavior, and reactivity with
carbon precursors. KOH, a strong base, induces aggressive carbon etching and promotes in-situ formation
of potassium species together with the evolution of gaseous products such as H2, CO, and CO2 during high-
temperature activation, resulting in explosive pore expansion and the development of an interconnected
micro-/mesoporous framework [37,38]. In contrast, KHCO3 and K2CO3 are milder activators that undergo
gradual decomposition and generate fewer pore-forming species, often resulting in lower surface areas and
narrower pore size distributions [39–41]. Importantly, the activation strength, pore development kinetics,
and microstructural outcomes are highly dependent on the alkali-to-carbon ratio, activation temperature,
and raw material characteristics [42]. Therefore, a comparative mechanistic investigation of these alkaline
systems is essential for the rational design of high-performance formaldehyde adsorbents.

Recent studies have demonstrated that wood- and bamboo-based materials can be engineered into mul-
tifunctional systems for energy storage, environmental remediation, flexible electronics, and gas purification
through multiscale structural regulation and chemical modification [43,44]. For instance, recent reviews
have highlighted that the intrinsic hierarchical structure of bamboo provides a versatile platform for devel-
oping advanced functional materials with tunable physical and chemical properties. In addition, bio-inspired
bamboo-based porous structures have shown promising performance in air purification and pollutant
capture applications [45]. Among the various forms of biomass-derived functional materials, porous carbons
prepared from renewable biomass have attracted particular interest due to their tunable pore structures, high
surface areas, and chemical stability, making them highly suitable for adsorption-related applications.
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The development of efficient biomass-derived porous carbons therefore represents an important
strategy for converting abundant natural resources into value-added functional materials. Meanwhile, the
selection of sustainable carbon precursors is of paramount importance in the context of green building
materials and circular economy goals. Bamboo is a highly promising renewable biomass resource that has
attracted growing interest due to its rapid growth cycle, widespread availability, and excellent physicochemi-
cal properties [45–47]. Rich in cellulose, hemicellulose, and lignin, bamboo offers a robust fibrous matrix and
high carbon yield, which facilitates the formation of stable porous carbon structures upon pyrolysis [48,49].
Additionally, the hierarchical vascular structure of bamboo enables the generation of multi-level pores that
are advantageous for gas diffusion and adsorption [50,51]. From a sustainability perspective, bamboo-derived
carbons contribute to both carbon neutrality and low-emission construction, aligning with global trends in
green infrastructure, healthy buildings, and net-zero architecture.

Moso bamboo is one of the most widely distributed bamboo species in China and is frequently used as
a precursor for biomass-derived carbon materials due to its high lignocellulosic content and stable structural
characteristics. In this study, we develop a series of bamboo-based activated carbons (BACs) via high-
temperature pyrolysis and alkaline activation using KOH, KHCO3, and K2CO3 as representative activators.
By systematically tuning the alkali-to-carbon ratio and comparing the resulting textural properties, we
investigate the interplay between activation chemistry, pore architecture, and formaldehyde adsorption per-
formance. N2 physisorption and SEM analysis are conducted to uncover structure–performance correlations.
Furthermore, formaldehyde adsorption is assessed under ambient conditions to simulate indoor environ-
ments. Through this comparative approach, we aim to (I) elucidate the activation mechanisms of different
alkaline agents, (II) optimize pore structure engineering for VOC removal, and (III) promote the high-value
utilization of bamboo biomass in sustainable building materials and indoor air quality enhancement.

2 Experimental Section

2.1 Materials
Bamboo raw materials (Moso bamboo, Phyllostachys edulis) were sourced from Fujian Province, China.

The bamboo used in this study was approximately 3 years old, which is commonly used for biomass carbon
preparation due to its stable lignocellulosic composition. Potassium hydroxide (KOH), potassium carbonate
(K2CO3), potassium bicarbonate (KHCO3), and hydrochloric acid (HCl, 36%–38%) were of analytical
grade and obtained from Tianjin Zhiyuan Chemical Reagent Co., Ltd. All reagents were used without
further purification.

2.2 Preparation of Bamboo-Based Activated Carbons
Fresh bamboo segments were washed thoroughly and oven-dried at 103○C until constant weight. The

dried bamboo was then ground and sieved through a 200-mesh screen to obtain uniform bamboo powder
as the carbon precursor. A total of 3.0 g of the pre-carbonized bamboo powder (denoted as C-MB) was
carbonized at 500○C for 1 h under nitrogen atmosphere (flow rate: ~500 mL/min) using a muffle furnace to
obtain the base carbon material. The resulting C-MB was mixed with KOH, KHCO3, or K2CO3 at different
mass ratios (1:1, 1:2, 1:3, and 1:4), placed in a nickel crucible, and activated in a tubular furnace by heating
to 800○C at 5○C/min under N2. The sample was held at 800○C for 2 h and allowed to cool naturally. After
activation, the products were washed with 1 mol/L HCl and then rinsed with deionized water until the pH
stabilized. To ensure high purity, Soxhlet extraction with deionized water was performed for 48 h. Finally, the
samples were dried at 105○C for 12 h. The resulting activated carbon samples were denoted as AC-MB@X(Y),
where X represents the activator (KOH, KHCO3, or K2CO3) and Y indicates the mass ratio (Fig. 1).
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Figure 1: Schematic illustration of the preparation of bamboo-based activated carbons using different alkaline
activators.

2.3 Characterization and Formaldehyde Adsorption Test
The textural properties of the samples were analyzed using N2 adsorption-desorption isotherms at

77 K with a BET surface area analyzer (ASAP 2020, Micromeritics, USA). Specific surface area (SBET)
was determined by the Brunauer-Emmett-Teller (BET) method, and pore volume and distribution were
calculated via the Density Functional Theory (DFT) model, yielding total pore volume (V0.99), micropore
volume (Vmicro), and mesopore volume (Vmeso). The morphology and microstructure of the samples were
observed using scanning electron microscopy (SEM, Regulus 3400, Hitachi, Japan), while the elemental
composition and distribution were obtained via energy-dispersive X-ray spectroscopy (EDS).

The formaldehyde adsorption performance was evaluated using a sealed-chamber method (Fig. 2).
Formaldehyde vapor was generated by adding a measured volume of formaldehyde solution (37 wt%) to a
Petri dish inside an 8.5 L airtight chamber. After equilibration, a pre-weighed adsorbent was introduced into
the chamber through a sample release device, initiating the adsorption process. It should be noted that the
present adsorption experiments were conducted using a sealed-chamber removal test designed to simulate
indoor air purification conditions. Therefore, the obtained results mainly reflect removal efficiency under
dilute gas-phase conditions rather than equilibrium adsorption isotherms.

Formaldehyde concentration was continuously monitored using a real-time detector until equilibrium
was reached. The adsorption capacity and removal efficiency were calculated using the following equations:

qe = (C0 −Ct)V/m.

R = C0 −Ct

C0
× 100%.

where:
q is the adsorption capacity (mg/g),
R is the formaldehyde removal efficiency (%),
C0 and Ct are the initial and final formaldehyde concentrations (mg/m3),
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V is the chamber volume (m3),
m is the mass of the adsorbent (g).

Figure 2: Schematic diagram of the formaldehyde adsorption device.

3 Results and Discussion

3.1 Pore Structure and Formaldehyde Adsorption Performance
3.1.1 KOH-Activated Bamboo-Based Carbon

To investigate the influence of KOH activation on the pore structure and formaldehyde adsorption
performance of bamboo-derived carbon, a series of samples were prepared using different alkali-to-carbon
(A/C) ratios and tested in sealed-chamber adsorption experiments. As illustrated in Fig. 3, the formaldehyde
adsorption capacity steadily increased with rising KOH dosage. Among the samples, AC-MB@KOH(3),
synthesized at an A/C ratio of 3:1, exhibited the highest adsorption capacity of 0.34 mg/g and a formaldehyde
removal efficiency of 90%. However, when the A/C ratio was further increased to 4:1, the adsorption
performance slightly declined, indicating that excessive KOH may induce structural damage, such as pore
wall collapse or excessive pore widening. As shown in Table 1, when the A/C ratio increases beyond the
optimal value, the micropore volume (Vmicro) no longer increases proportionally with SBET, indicating that
excessive activation may enlarge or partially collapse microporous structures. These structural defects could
decrease the proportion of effective micropores, thereby reducing the material’s selective adsorption ability
for small gas molecules. It should be noted that in the present study, adsorption tests were conducted under
low-concentration gas-phase conditions designed to simulate indoor air environments. Under such dilute
conditions, the measured adsorption capacity is naturally lower, while removal efficiency becomes a more
relevant performance indicator.
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Figure 3: Formaldehyde adsorption performance of KOH-activated bamboo-derived carbon with different alkali-to-
carbon ratios.

Table 1: Pore structure parameters of KOH-activated bamboo-derived carbon.

Sample SBET (m2/g) V0.99 (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g)
AC-MB@KOH(1) 1526.75 0.67 0.57 0.10
AC-MB@KOH(2) 1969.51 1.10 0.70 0.40
AC-MB@KOH(3) 2141.77 1.26 0.76 0.50
AC-MB@KOH(4) 2576.16 1.64 0.93 0.71

To elucidate the relationship between pore structure and adsorption behavior, nitrogen adsorption–
desorption isotherms were obtained and are presented in Fig. 4a. All samples exhibited type-I isotherms
(IUPAC classification), characteristic of microporous materials. The absence of significant hysteresis loops
further confirms that monolayer adsorption within micropores was the dominant mechanism. As shown
in Fig. 4b, the pore size distributions were predominantly concentrated in the micropore region below 2 nm,
with an especially high fraction in the ultramicropore range (~0.5 nm), which aligns well with the molecular
diameter of formaldehyde (~0.24 nm) [52]. Notably, AC-MB@KOH(3) showed the highest pore volume
contribution in this optimal range. Structural parameters summarized in Table 1 reveal that increasing the
A/C ratio from 1:1 to 4:1 led to a marked rise in the specific surface area (SBET), ranging from 1526.75
to 2576.16 m2/g, along with corresponding increases in total pore volume (V0.99) and micropore volume
(Vmicro). Nevertheless, AC-MB@KOH(3) presented the best balance between surface area (2141.77 m2/g)
and a well-developed microporous network, providing abundant accessible adsorption sites and efficient
molecular diffusion pathways. This structural synergy accounts for its superior adsorption performance. It
is important to emphasize that surface area alone does not linearly determine adsorption efficiency. Despite
AC-MB@KOH(4) exhibiting the highest SBET, its formaldehyde adsorption performance was inferior to
that of AC-MB@KOH(3). This suggests that optimal adsorption is governed not solely by total surface
area, but by a synergistic interplay of factors, including pore size distribution, micropore accessibility,
and the preservation of structural integrity. Overactivation can lead to the formation of non-selective or
collapsed pores, which are less effective in adsorbing small, polar molecules like formaldehyde. In conclusion,
KOH activation at a moderate A/C ratio (3:1) enables the formation of a highly microporous, structurally
stable carbon framework. This optimizes the interaction between formaldehyde molecules and the carbon
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surface, enhancing adsorption capacity and efficiency. These results highlight the potential of bamboo-based
activated carbon as a sustainable and high-performance material for indoor VOC removal, particularly when
activated via fine-tuned alkaline treatment.

Figure 4: (a) N2 adsorption/desorption isotherms and (b) pore size distribution curves of KOH-activated bamboo-
derived carbon at various alkali-to-carbon ratios.

The mass yield of the activated carbon was calculated as the ratio of the final dried carbon mass to the
initial mass of the dried bamboo precursor. Under the optimal activation condition (KOH, A/C = 3:1, 800○C),
the yield of AC-MB@KOH(3) was approximately 17.6%, which falls within the typical yield range reported for
strongly KOH-activated porous carbons [45]. The relatively reduced yield mainly originates from intensive
chemical etching and gas evolution during activation, which promotes the formation of abundant micropores
and large surface areas. In practical alkaline activation processes, potassium-containing species generated
during activation can be partially recovered from the washing solution and potentially reused, thereby
helping to mitigate the cost and environmental impact associated with strong chemical activation.

3.1.2 KHCO3-Activated Bamboo-Based Carbon
To further assess the pore structure modulation capabilities of different alkaline activators, KHCO3 was

employed to activate bamboo-derived carbon. The formaldehyde adsorption performance of the resulting
samples was systematically evaluated. As shown in Fig. 5, the adsorption capacity exhibited a non-linear
trend with increasing alkali-to-carbon (A/C) ratios. The sample AC-MB@KHCO3(2), prepared with an A/C
ratio of 2:1, demonstrated the highest adsorption capacity of approximately 0.29 mg/g, corresponding to a
formaldehyde removal efficiency of nearly 73%. Further increasing the A/C ratio to 3:1 or 4:1 did not lead
to further improvement and instead resulted in a slight decline in performance. These results suggest that
moderate activation facilitates pore development, while excessive KHCO3 can compromise the structural
integrity of the carbon matrix, thereby diminishing adsorption efficiency.

To elucidate the structural basis for these adsorption trends, nitrogen adsorption–desorption analyses
were conducted. As depicted in Fig. 6a, all samples exhibited type-I isotherms, characteristic of microporous
materials. A subtle hysteresis loop was observed at relative pressures P/P0 > 0.4, indicating the presence
of a minor fraction of mesopores. The corresponding pore size distributions in Fig. 6b confirmed that the
dominant pore range lay between 0.5 and 2 nm, reinforcing the microporous nature of these carbons.
However, unlike the KOH-activated counterparts, the KHCO3-derived samples featured significantly lower
pore structure metrics. As summarized in Table 2, the specific surface areas (SBET) of KHCO3-activated
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samples ranged from 761.81 to 979.40 m2/g, considerably lower than those of the KOH-activated samples.
Similarly, the total pore volume (V0.99) and micropore volume (Vmicro) reached maximum values of 0.43
and 0.37 cm3/g, respectively, for AC-MB@KHCO3(2), but declined upon further increase in KHCO3 dosage.
These findings suggest that overactivation may cause partial pore collapse or degradation of the carbon
framework, thereby diminishing accessible adsorption sites. Furthermore, the mesopore volume (Vmeso)
across all KHCO3-activated samples remained extremely low, with AC-MB@KHCO3(4) exhibiting a near-
negligible value of 0.01 cm3/g. This lack of mesoporosity implies poor molecular transport dynamics within
the material, which may limit the enrichment of formaldehyde molecules near active adsorption regions.

Figure 5: Formaldehyde adsorption performance of KHCO3-activated bamboo-derived carbon with different alkali-
to-carbon ratios.

Figure 6: (a) N2 adsorption/desorption isotherms and (b) pore size distribution curves of KHCO3-activated bamboo-
derived carbon at various alkali-to-carbon ratios.
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Table 2: Pore structure parameters of KHCO3-activated bamboo-derived carbon.

Sample SBET (m2/g) V0.99 (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g)
AC-MB@KHCO3(1) 761.81 0.33 0.29 0.04
AC-MB@KHCO3(2) 979.40 0.43 0.37 0.05
AC-MB@KHCO3(3) 941.33 0.40 0.36 0.04
AC-MB@KHCO3(4) 882.96 0.35 0.34 0.01

Compared with KOH activation, KHCO3 exhibits milder activation strength, resulting in significantly
reduced surface area, pore volume, and hierarchical porosity. These structural limitations hinder the
formation of a well-connected porous network required for efficient gas diffusion and capture. Moreover,
the insufficient mesopore contribution may lead to increased mass transfer resistance, further limiting
the material’s adsorption capacity. Therefore, although KHCO3 can moderately generate micropores under
thermal treatment, its overall effectiveness in constructing high-performance adsorbents for formaldehyde
removal is clearly inferior to that of KOH in this bamboo-derived carbon system.

3.1.3 K2CO3-Activated Bamboo-Based Carbon
To further explore the structural modulation effects of different alkaline activators on bamboo-derived

carbon and their influence on formaldehyde adsorption, a series of samples were prepared using potassium
carbonate (K2CO3) as the activating agent. As shown in Fig. 7, the formaldehyde adsorption capacity
exhibited a typical “increase–decrease” trend with increasing alkali-to-carbon (A/C) ratios as above. Among
them, the sample AC-MB@K2CO3(3), synthesized with an A/C ratio of 3:1, achieved the highest adsorption
capacity of 0.27 mg/g, corresponding to a removal efficiency of approximately 81%, suggesting that this
activation condition is optimal for formaldehyde purification.

Figure 7: Formaldehyde adsorption performance of K2CO3-activated bamboo-derived carbon with different alkali-to-
carbon ratios.

As illustrated in Fig. 8a, all K2CO3-activated samples displayed type I isotherms, characteristic of
microporous materials. A slight hysteresis loop was observed at relative pressures P/P0 > 0.4, indicating
the coexistence of mesoporous features within the structure. The corresponding pore size distributions
in Fig. 8b revealed that most pores were concentrated in the 0.5–2 nm range, with ultramicropores (~0.5 nm)
being dominant, which is highly favorable for adsorbing small molecules such as formaldehyde (molecular
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diameter ~0.24 nm). As summarized in Table 3, the specific surface area (SBET) of the samples initially
increased from 1065.45 m2/g to a peak value of 1404.17 m2/g as the A/C ratio increased, followed by a
slight decline at higher dosages. Notably, AC-MB@K2CO3(3) also exhibited the highest total pore volume
(0.67 cm3/g) and micropore volume (0.52 cm3/g), confirming that a moderate K2CO3 content can effectively
promote the development of a micropore-rich network with adequate adsorption sites. In addition, the
mesopore volume (Vmeso) of K2CO3-activated samples ranged from 0.07 to 0.17 cm3/g, slightly higher than
that of the KHCO3 group. This suggests a more developed hierarchical pore structure, which benefits the
diffusion and transport of gas molecules throughout the carbon matrix.

Figure 8: (a) N2 adsorption/desorption isotherms and (b) pore size distribution curves of K2CO3-activated bamboo-
derived carbon at various alkali-to-carbon ratios.

Table 3: Pore structure parameters of K2CO3-activated bamboo-derived carbon.

Sample SBET (m2/g) V0.99 (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g)
AC-MB@K2CO3(1) 1065.45 0.47 0.40 0.07
AC-MB@K2CO3(2) 1107.64 0.57 0.40 0.17
AC-MB@K2CO3(3) 1404.17 0.67 0.52 0.15
AC-MB@K2CO3(4) 1043.47 0.49 0.39 0.09

Importantly, the activation strength of K2CO3 lies between that of KOH and KHCO3. It offers sufficient
pore-etching capability while better maintaining the structural integrity of the carbon framework compared
to the more aggressive KOH treatment. However, further increasing the A/C ratio to 4:1 resulted in a decline
in adsorption performance, potentially due to partial sintering or the collapse of internal pores, leading to a
reduction in effective adsorption sites. These findings indicate that maintaining a balanced activation level is
crucial, since overactivation may compromise structural stability, while underactivation may fail to generate
the necessary porosity. Thus, the K2CO3 activation system demonstrates the importance of synergistically
tuning pore structure and material robustness to optimize the adsorption properties of bamboo-based
carbon adsorbents.



J Renew Mater. 2026;14(4):6 11

3.2 Structure and Performance Relationship Analysis
To elucidate the intrinsic relationship between the structural features of bamboo-derived activated car-

bons and their formaldehyde removal performance, correlation analyses were conducted between removal
efficiency and key pore structure parameters, as shown in Fig. 9. The results show that the formaldehyde
removal rate exhibits a strong linear relationship with specific surface area (R2 = 0.88), indicating that larger
accessible surface areas contribute significantly to enhancing adsorption. Similarly, a notable correlation was
found with total pore volume (R2 = 0.83), suggesting that increased internal porosity facilitates molecular
diffusion and retention. More importantly, micropore volume demonstrated a high degree of correlation
(R2 = 0.87), underscoring its dominant role in trapping formaldehyde molecules. Considering the kinetic
diameter of formaldehyde (~0.24 nm), the sub-nanometer pores generated during activation act as effective
molecular sieves that selectively capture formaldehyde gas. In contrast, mesopore volume exhibited a slightly
weaker correlation (R2 = 0.76), indicating that while mesopores aid in gas transport and structural buffering,
they play a secondary role in direct adsorption.

Figure 9: Correlations between formaldehyde removal efficiency and (a) specific surface area (SBET), (b) total pore
volume (V0.99), (c) micropore volume (Vmicro), and (d) mesopore volume (Vmeso).

Integrating the correlation data from Fig. 9 with the pore characteristics summarized in
Tables 1–3, it is evident that KOH activation most effectively constructs hierarchical porous networks rich
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in accessible micropores. Compared with KHCO3 and K2CO3, the strong etching and gas-evolving nature
of KOH promotes the formation of narrowly distributed micropores, which are well-suited to the molecular
size of formaldehyde. This optimized pore architecture results in superior adsorption performance.
Overall, the formaldehyde adsorption capacity of bamboo-derived activated carbons is fundamentally
governed by micropore content and total porosity. A high-density microporous structure provides sufficient
active sites, while the mesoporous framework ensures rapid transport and diffusion of formaldehyde gas
molecules [53,54]. These findings highlight KOH as an efficient activating agent for designing advanced
porous adsorbents for indoor air purification and building-related environmental remediation.

3.3 Comparative Evaluation of Bamboo-Based Carbons Modified by Different Activating Agents
To comprehensively evaluate the influence of different alkaline activating agents on the pore structure

and adsorption performance of bamboo-derived activated carbons, three representative activators-KOH,
KHCO3, and K2CO3-were employed under a fixed alkali-to-carbon ratio of 3:1 for cross-agent comparison.
The structural parameters and adsorption results are summarized in Table 4. Among the three samples, AC-
MB@KOH(3) exhibited the most outstanding performance, delivering a specific surface area of 2141.77 m2/g,
a formaldehyde adsorption capacity of 0.34 mg/g, and a removal efficiency of 90%. These values are
significantly higher than those obtained for AC-MB@KHCO3(3) (0.25 mg/g, 73%) and AC-MB@K2CO3(3)
(0.27 mg/g, 81%). The results clearly demonstrate that the choice of activating agent plays a decisive role
in regulating pore development and adsorption performance. Under identical precursor and activation
conditions, KOH at A/C = 3:1 provides the most effective pore-structure engineering route among the
three potassium-based activators evaluated in this work. Similar trends have been reported in previous
studies on chemically activated carbons, where stronger activating agents typically induce more intensive
carbon etching and promote the formation of highly developed microporous structures [9,45,55,56]. It
should be noted that adsorption capacities reported in different studies may vary significantly due to
differences in experimental conditions such as initial concentration, humidity, and evaluation methods.
Therefore, direct quantitative comparison of adsorption capacities across different studies is not always
appropriate. Nevertheless, the present results remain consistent with the widely reported trend that stronger
alkaline activation favors the development of microporous structures and enhances gas-phase adsorption
performance [20,25].

Table 4: Comparison of structure and performance of bamboo-derived carbon activated by different alkalis.

Sample SBET (m2/g) Adsorption Capacity (mg/g) Removal Efficiency (%)
AC-MB@KOH(3) 2141.77 0.34 90

AC-MB@KHCO3(3) 941.33 0.25 73
AC-MB@K2CO3(3) 1404.17 0.27 81

To further evaluate the adsorption kinetics of the three activated carbons under identical conditions,
the time-dependent formaldehyde removal efficiencies are presented in Fig. 10. All samples exhibit a rapid
increase in removal efficiency during the initial stage, followed by a gradual approach toward equilibrium.
The fast initial adsorption stage can be attributed to the large number of accessible adsorption sites and rapid
diffusion of formaldehyde molecules into the porous network. Among the three materials, AC-MB@KOH(3)
shows the fastest adsorption rate and the highest equilibrium removal efficiency (~90%), whereas AC-
MB@K2CO3(3) and AC-MB@KHCO3(3) exhibit slower adsorption kinetics and lower final efficiencies.
This trend is consistent with the pore structure characteristics summarized in Table 4, indicating that the
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enhanced micropore development induced by strong KOH activation significantly improves both adsorption
capacity and adsorption kinetics for gas-phase formaldehyde capture.

Figure 10: Time-dependent formaldehyde removal efficiencies of AC-MB@KHCO3(3), AC-MB@K2CO3(3), and
AC-MB@KOH(3).

The superior performance of the KOH-activated carbon can be further understood from the perspective
of activation chemistry. As a strong alkaline activator, KOH reacts vigorously with carbon at elevated
temperatures, generating potassium-containing intermediates and gaseous species such as H2, CO, and
CO2. The in situ release and diffusion of these gases within the carbon framework create a pore formation
effect that promotes extensive carbon etching and pore expansion, resulting in the formation of abundant
micropores and interconnected porous networks. In contrast, KHCO3 and K2CO3 exhibit milder activation
behavior. KHCO3 first decomposes into K2CO3 during heating and then participates in subsequent activation
reactions, while the gas release during this process is relatively slow and insufficient to induce intensive pore
development. K2CO3 activation typically requires higher temperatures to initiate effective carbon etching
and may cause localized sintering or partial structural collapse at excessive loadings.

Beyond the activation chemistry, the enhanced formaldehyde removal performance can also be
attributed to the adsorption mechanism associated with the developed pore structure and surface chemistry.
Micropores in the range of approximately 0.5–2 nm provide a size-matching confinement environment for
small formaldehyde molecules (kinetic diameter ≈ 0.24 nm), enabling efficient adsorption through van der
Waals interactions and pore-filling effects [57]. Meanwhile, oxygen- and nitrogen-containing functional
groups on the carbon surface can enhance surface polarity, thereby strengthening dipole–dipole interac-
tions and weak chemisorption with formaldehyde molecules. Furthermore, the coexistence of micropores
and mesopores forms a hierarchical pore architecture that facilitates rapid gas diffusion and improves
accessibility to internal adsorption sites. This synergistic combination of micropore adsorption, surface
polarity, and improved mass transport ultimately results in the superior adsorption performance observed
for AC-MB@KOH(3).

To further verify the structural characteristics responsible for the superior adsorption performance,
AC-MB@KOH(3) was selected for scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) analysis. As shown in Fig. 11, the low-magnification SEM image (Fig. 11a) reveals
that the activated carbon largely preserves the macroscopic morphology of the bamboo precursor, with



14 J Renew Mater. 2026;14(4):6

visible grooves and surface textures. The high-magnification image (Fig. 11b) clearly displays numerous
uniformly distributed pores, suggesting that the strong etching effect induced by high-temperature KOH
activation effectively facilitates pore formation and surface roughening. In addition, the EDS elemental
mapping (Fig. 11c) confirms that the carbon framework is primarily composed of C, with minor amounts
of O and N uniformly distributed on the surface. These heteroatoms likely originate from the intrinsic
composition of bamboo and residual functional groups generated during carbonization and activation,
which may contribute to additional physical adsorption or weak chemical interactions with formaldehyde
molecules [58].

Figure 11: (a,b) SEM images and (c) EDS mapping of AC-MB@KOH(3).

In practical indoor environments, formaldehyde often coexists with moisture and other VOC molecules,
which may introduce competitive adsorption effects. In particular, water vapor may partially occupy
adsorption sites or influence molecular diffusion within micropores under humid conditions. Nevertheless,
the well-developed microporous structure of the present bamboo-derived carbons is expected to maintain
effective adsorption of small formaldehyde molecules. From an application perspective, regeneration and
post-use handling of the adsorbent are also important considerations for sustainable utilization. Adsorbed
formaldehyde can potentially be removed through thermal or vacuum-assisted desorption processes, allow-
ing the adsorbent to be reused. Moreover, bamboo-derived carbons exhibit good thermal stability and may
be further regenerated by mild heat treatment or repurposed for other carbon-based applications. These
characteristics indicate that the present bamboo-based adsorbents are compatible with sustainable material
utilization strategies and practical indoor air purification applications.

4 Conclusion
In this study, a series of bamboo-derived activated carbons were synthesized using three alkaline

activating agents-KOH, KHCO3, and K2CO3-to investigate their structure–performance relationships in
formaldehyde adsorption. Among the three, the KOH-activated sample exhibited the most outstanding
performance, achieving the highest specific surface area (2141.77 m2/g), a formaldehyde uptake capacity of
0.34 mg/g, and a removal efficiency of 90%. This superior adsorption behavior is attributed to KOH’s strong
activation strength and abundant gas evolution during thermal treatment, which collectively promoted the
formation of a highly microporous and hierarchically porous architecture. Correlation analysis revealed
that micropore volume played the most critical role in determining adsorption efficiency, highlighting the
importance of size-matching between micropores and formaldehyde molecules. Compared with KHCO3
and K2CO3, KOH demonstrated superior capability in tailoring pore structure and enhancing adsorption
performance. Overall, this work provides a feasible and scalable strategy for producing high-efficiency,
biomass-derived porous adsorbents through rational activation design. These results provide practical guid-
ance for developing cost-effective, environmentally friendly adsorbents for indoor air quality improvement.



J Renew Mater. 2026;14(4):6 15

Acknowledgement: This work was supported by the Zhenghe Rural Revitalization Research Institute of Fujian
Agriculture and Forestry University.

Funding Statement: We gratefully acknowledge the support of the central government guides local funds for scientific
and technological development (Grant No. 2023L3044), the Natural Science Foundation of Fujian Province, China
(Grant No. 2023J01462), the Fujian Provincial Science and Technology Project (Industry-University Cooperation
Project for Higher Education Institutions, Grant No. 2025H6008) and the Fujian Provincial Science and Technology
Project (Technological Innovation Project, Grant No. 2024C0019), Fujian Agriculture and Forestry University Science
and Technology innovation special fund project (Grant Nos. KFB23142, KFB24010).

Author Contributions: The authors confirm contribution to the paper as follows: Conceptualization, Weigang Zhao
and Ju He; methodology, Ju He and Peiwen Zhao; software, Ju He; validation, Ju He, Dongyang Han and Kexin Lv;
formal analysis, Ju He and Peiwen Zhao; investigation, Ju He, Peiwen Zhao and Dongyang Han; resources, Weigang
Zhao, Xinqiang Ye, Guodong Ruan, Fei Guo, Mizi Fan and Jiuping Rao; data curation, Ju He; writing—original draft
preparation, Ju He; writing-review and editing, Weigang Zhao and Ju He; visualization, Ju He; supervision, Weigang
Zhao; project administration, Weigang Zhao; funding acquisition, Weigang Zhao. All authors reviewed and approved
the final version of the manuscript.

Availability of Data and Materials: Data available on request from the authors.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References
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