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Appendix S1: Characterization methods
Determination of moisture content and solid content:
The moisture content of waste paint sludge samples was determined by the differential method, following these steps:
(1) Take a clean, dry crucible that has been dried to a constant weight, weigh it (m1), and weigh a certain mass of waste paint sludge (m2);
(2) Place the crucible containing waste paint sludge in a constant-temperature drying oven at 105 °C for 12 hours, then weigh it again (m3);
(3) Repeat the above steps with three sets of samples, perform three sets of experiments, and calculate the average. 
Using the above method and data, the moisture content of the sample can be calculated as (m2 - m3) / (m2 - m1) × 100%, and the solid content as m3 / (m2 - m1) × 100%.
Scanning electron microscope (SEM) analysis
After drying, the OBDPS was passed through a 200-mesh screen and then analyzed using an FEI-S50 scanning electron microscope-energy dispersive spectrometer for its microscopic surface morphology. 
X-ray powder diffraction (XRD) analysis
The mineral composition of the dried powder paint residue was analyzed using a Bruker D8 X-ray diffractometer after passing it through a 320-mesh sieve. The instrumental analysis conditions were as follows: Cu target Ka rays, an acceleration voltage and current of 40 kV and 40 mA, respectively, a scan step size of 0.02°, a scan rate of 0.01 s/step, and scan range of 5–80°. After instrumental analysis, the X-ray diffraction spectrum was analyzed using MDI Jade 6.5 software.
Fourier transform infrared (FT-IR) spectroscopy
The Nicolet 5700 Fourier Transform Infrared (FT-IR) spectrometer was used to analyze the conventional chemical bonds in the samples. Dry residue samples and potassium bromide powder were ground separately to 400 mesh. The samples were mixed with dry potassium bromide in an approximate ratio of 1:100, ground again, and then made into transparent thin sheets, which were placed in a Lockheed sample holder. The sample cell was then inserted and the lid secured. Testing was conducted under the pre-set mode and parameters in the software to obtain the infrared spectrum. Finally, the infrared spectrum data were analyzed using the Omnic 8.2 software.
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Appendix S2: Formula calculation
In our previous work[1], the release rate of VOCs from a single medium in a semi-infinite diffusion scenario was when the release time t ≥ 0.2L2/Dm:
	
	S1


Eq. S1 can be obtained by taking logarithms on both sides:
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Eq. S2 indicates that the logarithm of the release rate of VOCs is linearly related to time, and by denoting the slope and intercept as Slope (SL) and Intercept (INT), respectively, we have:
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Therefore, Eq. S2 can be simplified as:
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When solid waste is a porous medium, relative to the gas-phase VOCs that have to diffuse to the outside through the internal pores, the VOCs distributed in the solid and liquid phases can be equated to the adsorption phase, and the mass balance equation for the diffusion of internal VOCs is[2]:
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Where:  is the total porosity of the porous medium; t is the time, s; Cg and Cad are the concentrations of VOCs in the gas phase and adsorbed phase, respectively, mg m-3; Dg is the diffusion coefficient of VOCs in the gas phase inside the pore, m2 s-1; Dad is the diffusion coefficient on the surface of the adsorbed phase, which is generated by the transport of VOCs in the physical adsorption layer on the surface of the adsorbed phase, m2 s-1.
Because the diffusion rate of VOCs molecules in the pore (gas phase) is much larger than the surface diffusion rate in the adsorbed phase[3], the second term on the right-hand side of Eq. S6 can be neglected and simplified to:
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In addition, the concentrations of VOCs between the gas and adsorbed phases on the pore surface satisfy the linear isothermal adsorption equilibrium equations, respectively:
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Where: K is the pore partition coefficient within the porous medium.
 can be defined as the effective diffusion coefficient De. It can be obtained by simplifying Eq. S8 by bringing it into Eq. S7:
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Introduction of the equivalent distribution factor Ke:
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Comparing the control equations, boundary conditions and initial conditions of the above porous medium mass transfer model with those of the single-phase medium model, it can be seen that the key emanation parameters satisfy the following relationships among them:
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Where: Km and Dm are the corresponding key parameters of the release model in the single-phase medium model, respectively.
Assuming that the adsorption/desorption of VOCs on the solid waste surface follows the Langmuir equation, the rate at which VOCs molecules collide on the solid waste surface is positively correlated with their adsorption rate, and therefore proportional to the partial pressure of the VOCs. Since VOCs molecules can only adsorb to the remaining adsorption vacancies on the surface, this adsorption rate is also proportional to the number of adsorption vacancies on the surface. If the total number of adsorbed sites is H and the degree of adsorption is φ, then the number of adsorbed sites on the surface of the solid waste is Hφ, and the number of vacancies remaining on the surface is H(1-φ). In addition, desorption is the opposite of the adsorption process, and it is known that the rate of desorption is directly proportional to the number of surface adsorption sites. When the adsorption and desorption on the surface of solid waste reaches an equilibrium state, the surface coverage φ no longer changes. This also means that the two rates of adsorption and desorption are equal in magnitude, then there is:
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In Eq. 12:  is the adsorption rate constant;  is the desorption rate constant. The Langmuir isothermal adsorption equation for monomolecular layer adsorption can be obtained by organizing and deforming R12:
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Eq. S13 in: for the existing VOCs molecular adsorption on the surface of solid waste, mol/g;  for the saturation adsorption on the surface of solid waste when all the adsorption points are covered by VOCs, mol/g; p is the pressure at the equilibrium of adsorption of the gas molecules of VOCs, Pa; k = ka/kd is the equilibrium constant of adsorption.
When p is very low, 1 + kp ≈ 1; the Langmuir equation can then be simplified and equated to Henry's law, which gives:
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From Eq. S14, the Henry's coefficient Hm is equal to the adsorption equilibrium constant k. In 1985, Hines and Maddox proposed equations for ka and kb versus temperature T[4]:
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Associating S15 and S16 yields:
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Considering the VOCs released within the solid waste as an ideal gas, the concentration of the desorbed phase (gas phase) on the surface of the solid waste is known according to the ideal gas equation of state:
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Then the existing molecular adsorption  of VOCs on the surface of the solid waste is:
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The equation for the distribution coefficient Km versus temperature T can be obtained by associating S13, S17 and S19:
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Appendix S3: Machine learning models and evaluation
Ridge regression is a regularized form of linear regression that incorporates an L2 regularization term (i.e., the sum of squared weights) into the loss function of ordinary least squares (OLS). Its objective function is:

​Here, λ > 0 represents the regularization strength, which controls the magnitude of the penalty. L2 regularization minimizes the weight coefficients as much as possible without setting them to zero, thereby preventing model overfitting—particularly when dealing with high feature dimensions or multicollinearity among features.
Lasso regression also adds a regularization term to ordinary least squares, but it employs L1 regularization (i.e., the sum of the absolute values of the weights):

The L1 penalty term can compress certain unimportant feature coefficients to zero, thereby achieving feature selection and sparsity.
Support Vector Regression (SVR) is an extension of Support Vector Machines (SVM) for regression problems. Unlike traditional regression, which aims to minimize error, SVR seeks to find a hyperplane such that the error of all sample points relative to this hyperplane does not exceed a threshold ϵ (i.e., the ϵ-insensitive tube), while simultaneously making the model as flat as possible (i.e., minimizing ). The RBF kernel (radial basis function) maps data to a high-dimensional space to handle nonlinear relationships. The RBF kernel function is defined as:

Among these, γ controls the influence range of a single sample.
SVR-linear essentially seeks a linear hyperplane in the original space without employing kernel mapping. Its optimization objective resembles linear regression with L2 regularization, but utilizes an ϵ-insensitive loss function:

Equivalent to using a special loss function in linear regression.
Random Forest is an ensemble learning method that improves accuracy by constructing multiple decision trees and averaging their predictions (for regression). Each tree randomly samples from the training set using Bootstrap sampling (with replacement) and randomly selects a subset of features for optimal splitting at each node. This “double randomness” minimizes correlation between trees, thereby reducing variance.
Gradient Boosting is an iterative ensemble method that sequentially adds weak learners (typically decision trees), with each new tree attempting to correct the residuals (or gradient direction) of all preceding trees. Each step minimizes the negative gradient of the loss function (e.g., mean squared error) under the current model, progressively reducing bias. The final prediction is the weighted sum of all trees.
Summary of Model Comparison
	Model
	Linear/Nonlinear
	Regularization
method
	Feature selection
	Explainability
	Training speed
	Key
advantages

	Ridge
	Linear
	L2
	No
	Moderate
	Fast
	Address collinearity to prevent overfitting

	Lasso
	Linear
	L1
	Yes
	Higher
	Fast
	Automatic feature selection, simplified model

	SVR-linear
	Linear
	Implicit L2 + ϵ-insensitive
	No
	Moderate
	Moderate
	Robust loss, suitable for high-dimensional sparse data

	SVR-rbf
	Nonlinear
	Implicit L2 + ϵ-insensitive
	No
	Low
	Slow
	Powerful nonlinear modeling capabilities, robust

	Random forest
	Nonlinear
	Reducing variance through integration
	Implied
	Moderate
	Fast
	Robust, easy to use, and resistant to overfitting

	Gradient boosting
	Nonlinear
	Controlled by the number of trees, depth, and learning rate
	Implied
	Moderate
	Slow
	High prediction accuracy, flexible


R2 represents the proportion of variance in the target variable that the model can explain, reflecting the model’s goodness of fit to the data. A value closer to 1 indicates better model fit, while a value closer to 0 indicates that the model has little explanatory power. Calculation formula:

MAE is the average absolute error between predicted and actual values, measuring the average magnitude of prediction errors. MAE ≥ 0, lower values indicate greater prediction accuracy. Its units correspond to those of the target variable. MAE is insensitive to outliers but does not reflect the distribution of prediction errors. Calculation formula:

RMSE is the square root of the sum of the squares of the deviations between predicted values and actual values divided by the sample size, measuring the dispersion of prediction errors. RMSE ≥ 0, with smaller values being better. Its unit is the same as the target variable. RMSE is sensitive to outliers but reflects the distribution of prediction errors. Calculation formula:

MAPE is the average of the absolute percentage errors for each sample, representing the relative magnitude of prediction errors as a percentage. MAPE is always non-negative (MAPE ≥ 0) and is typically expressed as a percentage. A smaller value indicates greater prediction accuracy of the model.

Here, n denotes the number of samples;  represents the actual value;  denotes the predicted value; and  signifies the mean of the actual values.

Appendix S4: Test setup and procedure
(1) VHX-60-4 VOC Environmental Test Chamber: This chamber features four working chambers, each with a volume of 60 L (0.06 m3). Its external dimensions (L × H × W) are 2200 mm × 1200 mm × 2020 mm. It employs an air-jacket indirect temperature control method, which regulates the internal temperature by controlling the air in the outer layer. Temperature range: 15–60 °C; temperature deviation: ± 0.5 °C; fluctuation range: ≤ ± 0.3 °C; relative humidity range: 40–80% RH; humidity fluctuation range: ≤ ± 3%. The inner wall material of the test chamber is stainless steel, which is inert and non-adsorbent to VOCs; the chamber door gaps are sealed with non-adsorbent sealing strips. A fan is installed at the top of the chamber to ensure an airflow velocity of 0.1–0.3 m/s, resulting in a uniform distribution of VOC concentrations in the air. The ventilation rate adjustment range is 0.2–2 air changes per hour, with an adjustment accuracy of ± 3% and a measurement accuracy of ± 0.01 m3/h; the 24-hour recovery rate for toluene, n-dodecane, or n-tetradecane is greater than 80%. The complete test procedure consists of five stages: preliminary cleaning, trial operation, emission test, gas collection, and data analysis. Standard test conditions are set as follows: ambient temperature and relative humidity are stabilized at (23 ± 1) °C and (50 ± 3) %RH, respectively. During the test run, the apparatus operates stably under standard conditions for 1 hour, and it must be ensured that the background concentration inside the chamber is below the instrument’s detection limit or less than 10 μg/m3. During the formal emission test phase, first, weigh 50 g of the test sample and spread it evenly in a glass measuring cup, recording the sample volume and height. Then, place the glass measuring cup containing the 50 g sample gently in the center of the environmental test chamber and immediately close the chamber door. Ensure that the entire sample placement process is as rapid as possible to minimize the impact of VOC volatilization from the sample.
(2) HAPSITE Portable GC-MS: Since prolonged analysis can lead to analytical errors, and studies have shown that portable GC-MS can accurately determine concentrations of most VOCs below 1 ppb, with recovery rates ranging from 76.9% to 122% and precision ranging from 3.06% to 19.8%, it offers sufficient analytical accuracy. Therefore, the HAPSITE portable GC-MS was selected for VOC concentration detection. This instrument is manufactured by INFICON (USA) and uses an HP-1 column (1.0 μm × 0.32 mm × 15 m). The instrument has two built-in internal standards: internal standard No. 1 is 1,3,5-trifluoromethylbenzene (TRIS), and internal standard No. 2 is bromo-pentafluorobenzene (BPFB).
(3) Teflon sampling bags: After donning personal protective equipment, open the exhaust port of the environmental chamber at the designated sampling time and use Teflon sampling bags to collect the gas from the exhaust port. Prior to sampling, each sampling bag is filtered three times using a vacuum pump. Once the Teflon sampling bag is securely connected to the handheld probe of the portable GC-MS, gas samples are collected automatically, with a sampling volume of 100 mL and a duration of 1 minute. During the initial phase of the emission test, sampling is performed once per hour, with three consecutive samples taken. Subsequently, based on the data analyzed by the instrument, the sampling interval can be adjusted to irregular intervals of 2, 3, 5, or 8 hours to reduce sampling time costs, continuing until the emission test is complete. When the real-time concentration of VOCs inside the chamber falls below 1% of the peak concentration, the release of VOCs from the sample has reached an exhausted state, and the emission test can be concluded.
(4) Computer Workstation: The portable GC-MS is connected to a computer equipped with dedicated IQ software, which outputs the qualitative and quantitative analysis results of the sampled gas components. The test ends when the concentration of the last sampled gas is less than 1% of the highest gas concentration recorded.

Supplementary Figures
Fig. S1 Scanning electron microscopy of the (a) Water-based wet paint sludge; (b) Water-based dry paint sludge; (c) Oil-based wet paint sludge; (d) OBPDS.
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Fig. S1 Scanning electron microscopy of the (a) Water-based wet paint sludge; (b) Water-based dry paint sludge; (c) Oil-based wet paint sludge; (d) OBPDS.
Fig. S2 Cumulative emission flux of VOCs from OBDPS at different temperatures
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Fig. S2 Cumulative emission flux of VOCs from OBDPS at different temperatures
It should be noted that, under the four temperature gradients, the 1-butanol in the pre-release period (10 h) followed the rule that the higher the temperature, the greater the cumulative release; but by the end of the 24-h test, the total release at 28 ℃ was 75.73 mg m-2 , which was only slightly lower than that at 33 ℃ (77.93 mg m-2 ). In the pre-release period, the cumulative n-butanol release under 33 ℃ accumulated faster than that under 28 ℃, but as the test time increased, there was no difference in the total release between the two temperatures, indicating that the release flux was related to the total amount of lacquer residue contained inside, rather than monotonically increasing with increasing temperature. In the early stage of the test, the cumulative release of n-butanol at 33 ℃ was higher than that at 28 ℃, but with prolonged testing time, the total release at the two temperatures was similar, indicating that the release flux was related to the total amount of interior lacquer, and did not increase monotonically with temperature. On the other hand, the 1,2,4-trimethylbenzene trend became smooth at a later point in time than the other VOCs at 33 °C, and also maintained a longer emission time, indicating that its initial total content was higher than that of the other substances.
Molecular dynamics, which generally focuses on explaining the interaction forces between analyzed chemical molecules, can provide a preliminary explanation of this phenomenon[5-7]. During the diffusive release of VOCs from solid waste, interaction forces exist between the surface of the waste matrix and the VOCs molecules, between the VOCs molecules, and between the air medium and the VOCs molecules. An increase in temperature leads to an increase in all three of these interaction forces and intensifies the thermal movement of the molecules, such that the diffusion of VOCs from the waste is faster and the concentration of VOCs in the environmental test chamber increases[8,9].
As the temperature rises, the average kinetic potential energy of VOCs molecules becomes larger, increasing the molecular energy and mobility, and helping VOCs molecules to overcome the energy barriers for desorption from the waste matrix, facilitating the desorption process of VOCs molecules and accelerating the diffusion release effect. In addition, the level of temperature affects the motor activity of molecules or ions inside the waste.

Fig. S3 Linear fitting results for seven major pollutants at 18 °C
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Fig. S3 Linear fitting results for seven major pollutants at 18 °C

Fig. S4 Linear fitting results for seven major pollutants at 28 °C
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Fig. S4 Linear fitting results for seven major pollutants at 28 °C
Fig. S5 Linear fitting results for seven major pollutants at 33 °C[image: ]
Fig. S5 Linear fitting results for seven major pollutants at 33 °C
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