
Supplementary Materials 

This supplementary file contains additional statistical analyses and supporting data associated with the 

article: "A Humidified Column Solid-State Bioreactor for Enhanced Laccase Production under Forced 

Aeration ” 

 

S1. Theoretical Basis for Psychrometric Estimation of Humidified Air 

The moisture content of the inlet air supplied to the humidified packed-bed bioreactor was estimated 

using classical gas–liquid mass transfer theory. As compressed air passes through the water-filled 

humidification vessel, water vapor is transferred from the liquid phase into the gas phase until the air 

approaches thermodynamic equilibrium. The resulting outlet humidity depends on the competition 

between the gas–liquid mass transfer rate and the residence time of the air within the humidifier. 

 

S1.1 Gas–Liquid Mass Transfer Model 

The local rate of water-vapor transfer from the liquid phase to the gas phase can be expressed as   

where 

• 𝑌is the local moisture content of the gas,  

• 𝑌𝑠𝑎𝑡is the saturation moisture content at the operating temperature,  

• 𝑘𝑦is the gas-phase mass-transfer coefficient,  

• 𝑎is the specific interfacial area,  

• 𝐴is the column cross-sectional area,  

• 𝑧is the axial coordinate along the humidification column, and  

• 𝐺𝑚is the molar flow rate of dry air.  

 

Integration over the humidification path yields 

 

where 

• 𝑌𝑜𝑢𝑡is the outlet moisture content,  

• 𝑌𝑖𝑛is the inlet moisture content, and  

• 𝑍is the effective humidification height.  

This expression indicates that the outlet humidity approaches the saturation value exponentially as 

the gas–liquid contact time increases. 

 

S1.2 Relevance to the Humidified Packed-Bed Bioreactor 

The psychrometric estimation indicates that the humidification system supplied inlet air approaching 

saturation over the investigated airflow range. Although direct measurements of relative humidity 

were beyond the scope of this study, the theoretical analysis supports the assumption that humidified 

aeration effectively minimized evaporative moisture loss from the substrate while maintaining 

continuous oxygen supply. 

From an engineering perspective, this humidification strategy contributes to establishing favorable 

transport conditions within the packed-bed reactor by simultaneously preserving substrate moisture 

and reducing the risk of localized drying during continuous aeration. Consequently, the humidified 



airflow provides a practical approach for improving the operational stability of solid-state fermentation 

systems. 

 

Table S1. Coded and actual independent variable levels used in the CCD 

Variable Parameter Coded −α (-.682) Low (-1) Center (0) High (+1) +α (+1.682) 

Bed height (cm) X1 0.27 3.00 7.00 11.00 13.73 

Fermentation time (day) X2 1.27 4.00 8.00 12.00 14.73 

Airflow rate (L. min-1) X3 0.32 1.00 2.00 3.00 3.68 

 

Table S2. Experimental design matrix and observed laccase activity 

Run 
Bed height 

(cm) 
Fermentation time 

(days) 
Airflow rate 

(L·min⁻¹) 
Laccase activity 

(U·L⁻¹) 

1 7.00 8.00 2.00 1.00 

2 13.73 8.00 2.00 112.70 

3 11.00 4.00 3.00 62.95 

4 11.00 12.00 1.00 123.00 

5 7.00 8.00 0.32 236.00 

6 3.00 4.00 3.00 44.84 

7 3.00 4.00 1.00 116.70 

8 7.00 8.00 2.00 1.00 

9 7.00 8.00 2.00 1.00 

10 7.00 14.73 2.00 201.09 

11 7.00 8.00 2.00 1.00 

12 7.00 8.00 3.68 146.00 

13 11.00 12.00 3.00 244.57 

14 7.00 8.00 2.00 1.00 

15 7.00 1.27 2.00 20.00 

16 3.00 12.00 3.00 274.00 

17 7.00 8.00 2.00 1.00 

18 0.27 8.00 2.00 67.00 

19 11.00 4.00 1.00 266.30 

20 3.00 12.00 1.00 166.40 

 

Table S3. Experimental and model predicted values of laccase activity based on CCD 

Run 
 Bed Height 

(cm) 

Fermentation 

Time (day) 

Airflow Rate 

(L. min-1) 

Experimental 

Activity (U·L⁻¹) 

Predicted Activity 

(U·L⁻¹) 

Residual 

(U·L⁻¹) 

1  7.00 8.00 2.00 1.00 1.30 -0.30 

2  13.73 8.00 2.00 112.70 110.09 2.61 

3  11.00 4.00 3.00 62.95 64.54 -1.59 

4  11.00 12.00 1.00 123.00 126.42 -3.42 

5  7.00 8.00 0.32 236.00 233.87 2.13 

6  3.00 4.00 3.00 44.84 46.18 -1.34 

*7  3.00 4.00 1.00 116.70 114.96 1.74 



Run 
 Bed Height 

(cm) 

Fermentation 

Time (day) 

Airflow Rate 

(L. min-1) 

Experimental 

Activity (U·L⁻¹) 

Predicted Activity 

(U·L⁻¹) 

Residual 

(U·L⁻¹) 

*8  7.00 8.00 2.00 1.00 1.30 -0.30 

*9  7.00 8.00 2.00 1.00 1.30 -0.30 

10  7.00 14.73 2.00 201.09 198.51 2.58 

*11  7.00 8.00 2.00 1.00 1.30 -0.30 

12  7.00 8.00 3.68 146.00 149.02 -3.02 

13  11.00 12.00 3.00 244.57 241.89 2.68 

*14  7.00 8.00 2.00 1.00 1.30 -0.30 

15  7.00 1.27 2.00 20.00 18.64 1.36 

16  3.00 12.00 3.00 274.00 270.55 3.45 

*17  7.00 8.00 2.00 1.00 1.30 -0.30 

18  0.27 8.00 2.00 67.00 69.21 -2.21 

19  11.00 4.00 1.00 266.30 279.05 -12.75 

20  3.00 12.00 1.00 166.40 163.88 2.52 

Runs marked with (*) represent centre points used to estimate experimental error and model 

reproducibility. The relatively high percentage errors at these points are associated with low response 

values, where small absolute deviations result in large relative errors. 

 

Table S4. Analysis of variance (ANOVA) for quadratic model of laccase production 

Source df F-value p-value Significance 

Model 9 29.97 4.49 × 10⁻⁶ Significant 

X₁ (Bed height) 1 3.26 0.1012 NS 

X₂ (Time) 1 42.71 6.59 × 10⁻⁵ Significant 

X₃ (Airflow rate) 1 4.31 0.0647 NS 

X₁X₂ 1 10.91 0.0080 Significant 

X₁X₃ 1 2.60 0.1376 NS 

X₂X₃ 1 47.98 4.06 × 10⁻⁵ Significant 

X₁² 1 28.94 3.10 × 10⁻⁴ Significant 

X₂² 1 41.72 7.27 × 10⁻⁵ Significant 

X₃² 1 113.50 8.87 × 10⁻⁷ Significant 

Residual 10 – – NS 

Lack of Fit 5 – – NS 

Pure Error 5 – – NS 

Total 19 – – NS 

     

Table S5. Statistical indicators of model adequacy for quadratic regression model 

Statistic Value 

Mean response (U·L⁻¹) 104.38 

Standard deviation 25.74 

Coefficient of variation (%) 24.66 

R² 0.9642 



Statistic Value 

Adjusted R² 0.9321 

Predicted R² 0.7065 

Adeq precision 15.32 

 

Table S6. Validation of model prediction at optimal operating condition 

Operating condition (X₁, X₂, X₃) Predicted (U·L⁻¹) Experimental (U·L⁻¹) Deviation (%) 

11 cm, 4 days, 1 L·min⁻¹ 242.1 253.8 4.8 

 

Table S7. Summary statistics of the developed model for laccase production 

Parameter Value 

Std. Dev. 25.74 

Mean 104.38 

C.V. (%) 24.66 

R² 0.9642 

Adjusted R² 0.9321 

Predicted R² 0.7065 

Adeq Precision 15.32 

 

S2. Validation of Performance Improvements of the Humidified Column Bioreactor (HCB) 

To verify the performance enhancement achieved by the developed Humidified Column Bioreactor 

(HCB), comparative calculations were performed using the optimized flask-based solid-state 

fermentation (SSF) system reported by Rahayu et al. (2019) for laccase production by Trichoderma 

asperellum LBKURCC1 cultivated on rice straw. The optimum validated result obtained in the present 

study was used as the basis for comparison. 

S2.1. Validation of Laccase Activity Improvement 

Rahayu et al. (2019) reported a maximum laccase activity of 57.7 U·L⁻¹ obtained from rice straw solid-

state fermentation using Trichoderma asperellum LBKURCC1 cultivated in an optimized flask-based 

system supplemented with soybean meal and glycerol. Under the optimum operating conditions 

identified in the present study, the humidified column bioreactor achieved a validated laccase activity 

of 253.8 U·L⁻¹.  

The percentage increase in laccase activity was calculated as: 

Activity Improvement (%) = ((253.8 − 57.7) / 57.7) × 100 = 339.9% 

Thus, the humidified column bioreactor increased laccase activity by 339.9%, corresponding to a 4.40-

fold enhancement relative to the optimized flask-based SSF system. 

 

S2.2. Validation of Fermentation Time Reduction 

The highest laccase activity reported by Rahayu et al. (2019) was achieved after 8 days of fermentation, 

whereas the humidified column bioreactor reached its optimum activity after only 4 days. The 

percentage reduction in fermentation time was calculated as: 

Time Reduction (%) = ((8 − 4) / 8) × 100 = 50.0% 

Therefore, the developed reactor shortened the fermentation period by 50%, reducing the production 

cycle by four days. 



S2.3. Validation of Volumetric Productivity Improvement 

Volumetric productivity was calculated by dividing laccase activity by fermentation time. Optimized 

Flask-Based SSF System (Rahayu et al., 2019) 

PFlask = 57.7 / 8 = 7.21 U·L⁻¹·day⁻¹ 

Humidified Column Bioreactor (Present Study)  

PHCB = 253.8 / 4 = 63.45 U·L⁻¹·day⁻¹ 

The percentage increase in volumetric productivity was determined as: 

Productivity Improvement (%) = ((63.45 − 7.21) / 7.21) × 100 = 780.0% 

The productivity ratio was: Efficiency Gain = 63.45 / 7.21 = 8.80 

Accordingly, the humidified column bioreactor increased volumetric productivity by 780.0%, 

corresponding to an 8.80-fold improvement in process efficiency compared with the optimized flask-

based SSF system. 

 

Supplementary Conclusion 

These calculations confirm that the humidified column bioreactor substantially enhanced laccase 

production performance by simultaneously increasing enzyme activity and shortening fermentation 

duration. Relative to the optimized flask-based SSF system reported by Rahayu et al. (2019), the 

developed reactor achieved a 339.9% increase in laccase activity and reduced the time required to 

reach peak production by 50%. Furthermore, volumetric productivity increased by 780.0%, 

corresponding to an 8.80-fold improvement in process efficiency. Collectively, these results 

demonstrate the effectiveness of humidified aeration in overcoming transport limitations associated 

with static solid-state fermentation and highlight the potential of humidified column bioreactors for 

intensified enzyme production from lignocellulosic biomass. 

 

Highlights 
❖ Engineering-guided optimization of laccase production in a humidified column SSF bioreactor  

❖ Bed height and humidified aeration jointly regulate oxygen transfer, moisture retention, and 

enzyme production 

❖ Optimum operation achieved within 4 days at 11 cm bed height and 1 L·min⁻¹ humidified airflow 

❖ Response Surface Methodology identified a stability-defined operating window for reactor 

performance 

❖ Findings provide a foundation for the scale-up of energy-efficient solid-state bioreactors for 

filamentous fungi cultivation 
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