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Abstract 28 

The thermal desorption residues of oil-based drilling cuttings’ final destination 29 

managements are still strict because of the unclear pollution characteristics of its 30 

resource products. The thermal desorption residues were prepared into subgrade base 31 

materials, and the semi-dynamic leaching tests were used to simulate the leaching 32 

characteristics of pollutants under extremely acidic conditions. In the semi-dynamic 33 

test, the concentrations of pollutants such as naphthalene, anthracene, 34 

benzo(a)anthracene, dibenzo(a,h)anthracene, Cd, and Zn meet the Class III water 35 

quality requirements of “Standard for groundwater quality”(GB/T 14848-2017). 36 

According to Fick’s second law, the release of naphthalene, anthracene, 37 

benzo(a)anthracene, dibenzo(a,h)anthracene, and Cd of leaching is dominated by 38 

diffusion; the release of benzo(a)pyrene and Zn of leaching is mainly dissolution. The 39 

release law and characteristics of pollutants were explored when thermal desorption 40 

residues were applied as subgrade base materials, which provided an important 41 

reference basis for the resource and utilization of thermal desorption residues. 42 

Key words: Oil based cuttings, Thermal desorption residues, Semi-dynamic leaching 43 

tests, Leaching mechanism 44 

 45 
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Introduction 46 

With the development of science and technology, the harmless treatment of oily solid 47 

waste by resource utilization has gradually become the development trend in the future. 48 

Thermal desorption technique has been widely used because it can recycle a large 49 

number of oil products with the oil content of treatment residues less than 1% (Hu et 50 

al. 2013, Tang et al. 2016, Xie et al. 2014). 51 

 52 

Thermal desorption technology will produce a large number of residues. The 53 

constituents of thermal desorption residues are mainly composed of SiO2, BaO, and 54 

CaO (Huang et al. 2018, Leonard &Stegemann 2010, Wang et al. 2017a). Therefore, 55 

they can be used as resource utilization material for building materials such as brick, 56 

paving, and cement (Iryna &Leonid 2016, Li et al. 2019, López-Alonso et al. 2019, 57 

Wang et al. 2017b). “Technical specification of oily sludge treatment and pollution 58 

control for onshore oil & natural gas exploitation”(SY/T 7300-2016)， “Pollution 59 

control requirement for comprehensive utilization of oil and gas field deilling solid 60 

waste” (DB65/T 3998-2017), and other standards have also put forward the resource 61 

utilization methods such as residue road construction. However, since the research on 62 

whether the residue resource products will release pollutants and the release rules of 63 

pollutants are not clear, the final destination of the products after the residue resource 64 

utilization are still strict. Hence, the utilization of resources is difficult, exhibiting that 65 

a large amount of residues are still treated in landfills. There is a hidden danger of 66 
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secondary pollution and it also causes a waste of resources (Abdel-Shafy &Mansour 67 

2016, Chiang et al. 2014, Foroutan et al. 2018, Wang et al. 2018).   68 

 69 

At present, the research on the pollution of thermal desorption residue mainly focuses 70 

on material composition and element analysis, and there are few researches on the 71 

pollution characteristics of residue resource products. In the early stage, our research 72 

groups screened the pollutants in the thermal desorption residues of oil-based drilling 73 

cuttings (referred to as “residues”), and recommended that naphthalene, 74 

benzo(a)pyrene, anthracene, benzo(a)anthracene, dibenzo(a,h)anthracene, Zn and Cd 75 

should be used as potential pollution factors of the residues. In this study, the residues 76 

were used as resources to prepare subgrade base materials (referred to as “residues 77 

subgrade materials”). The semi-dynamic leaching test was carried out to explore the 78 

leaching characteristics and leaching mechanisms of the above seven pollutants and 79 

provide a basis for the resource utilization of residues. 80 

 81 

Materials and methods 82 

Preparation of residues subgrade materials 83 

The materials used in this study include compound curing agent and oil-based cuttings 84 

thermal desorption residues (from a thermal desorption treatment company), and their 85 

characteristics are shown in Table 1. The preparation and maintenance of residues 86 

subgrade materials shall refer to the standard “Test Methods of Materials Stabilized 87 
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with Inorganic Binders for Highway Engineering” (JTG E51-2009). The test piece is 88 

formed with 50 mm×50 mm cylindrical test mold. The Unconfined Compressive 89 

strength tests (UCS) are carried out by universal testing machines (Shanghai New Sansi, 90 

HHY). The finished test blocks are divided into two batches, of which 6 are used for 91 

Unconfined Compressive strength tests (UCS) and pollutant concentration tests, as the 92 

results shown in Table 2. The remaining residues subgrade materials are used for the 93 

semi-dynamic leaching tests. 94 

Table 1. Chemical composition of thermal desorption residues of oil-based drilling 95 

cuttings 96 

Component  Proportion（%） 

Al2O3 11.11% 

CaO 10.37% 

BaO 22.54% 

SiO2 30.80% 

MgO 2.44% 

Fe2O3 5.33% 

 97 

Table 2. Basic characteristics of oil-based drilling cuttings thermal desorption 98 

residues subgrade materials 99 

residues subgrade materials  figure 

UCS 3.25Mpa 

anthracene 0.35 mg/kg 

benzo (a) anthracene 0.17 mg/kg 

dibenzo (a, h) anthracene 1.40 mg/kg 

naphthalene 0.31 mg/kg 

benzo (a) pyrene 0.75 mg/kg 

Zn 247.42 mg/kg 

Cd 3.37 mg/kg 

 100 

The semi-dynamic leaching test 101 
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The semi-dynamic leaching test is used to simulate the long-term leaching behavior of 102 

pollutants wrapped in roadbed materials. According to the requirements of ASTM 103 

C1308-08 (Anonymous 2008), and referring to the “Solid waste-Extraction procedure 104 

for leaching toxicity Sulphuric acid & nitric acid method” (HJ/T 299-2007), the 105 

configuration of concentrated sulfuric acid: concentrated nitric acid mass ratio is 2:1, 106 

pH is 3.20±0.05. To simulate extreme leaching conditions, the ratio of the volume of 107 

the leaching solution (1178.1 mL) to the surface area (117.81 cm2) of the sample is 10:1, 108 

the test lasts for 14 days, and the temperature is kept constant at 23±2 ℃ throughout 109 

the experiment period. 110 

 111 

Before the test, residues subgrade materials were thoroughly washed with deionized 112 

water for 30 s to remove loose particles on the surface of the sample. The leaching test 113 

collected and replaced leachate at specified time intervals of 2 hours, 5 hours, 12 hours, 114 

1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days, 8 days, 9 days,10 days, 11 days, 115 

12 days ,13 days and 14 days. During the experiment, the container was sealed with 116 

plastic film to avoid any interaction between the leaching agent and the atmosphere. 117 

The daily leaching solution was kept away from light. 118 

 119 

Analysis method 120 

Heavy metals concentration was detected by inductively coupled plasma mass 121 

spectrometry (ICP-OES 730). 50 ml of the mixed leaching solution was passed through 122 
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0.45 μm polypropylene microfiltration membrane, followed by being acidified to pH 123 

below 2 with concentrated nitric acid, and stored it in the dark at 4 ℃. 124 

 125 

The detection of polycyclic aromatic hydrocarbons adopts liquid chromatograph (LC-126 

16). Firstly, 200 mL of the mixed leaching solution were put into the separating funnel, 127 

followed by adding 8 g of NaCl, and then adding 40 mL of dichloromethane after 128 

dissolution. After full shaking and static stratification, the organic phase was 129 

dehydrated by anhydrous sodium sulfate. This process was repeated twice. Finally, a 130 

small amount of dichloromethane was used to wash the anhydrous sodium sulfate layer 131 

repeatedly, and the extracts were combined and collected for further concentration. 132 

 133 

The concentration solution is obtained by rotary evaporation method. When the 134 

dichloromethane extract was condensed to about 1 mL, 3 mL of n-hexane was added, 135 

followed by repeating the process for three times. Subsequently, the acetonitrile was 136 

added into the concentrated sample (1 mL) with the existence of nitrogen, followed by 137 

repeating the solvent conversion twice with the final volume of sample close to 1 mL. 138 

Finally, the sample was stored in the dark at 4 ℃. 139 

 140 

The injection conditions of liquid chromatography were as follows: mobile phase A 141 

was pure water and mobile phase B was acetonitrile. The gradient elution procedure 142 

was that mobile phase B was maintained at 65% for 27 min, then increased to 100% 143 
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with rate of 2.5 %/min. The total analysis time, the column temperature, the flow rate 144 

of mobile phase, and the wavelength of UV detector was 45 min, was 35 ℃, was 1.0 145 

ml/min, and was 220 nm, respectively. 146 

 147 

Diffusion theory 148 

The leaching mechanism of Solidification/Stabilization waste pollutants are usually 149 

divided into diffusion, dissolution or flushing. It is considered that the leaching of 150 

pollutants in cement-based waste are usually carried out through diffusion control 151 

process (Li &Poon 2017, Xue et al. 2017). Under the assumption of diffusion model, 152 

the semi-dynamic leaching test is often used to determine the effective diffusion 153 

coefficient (De) of pollutants and evaluate the long-term leaching characteristics of 154 

pollutants (Szajerski et al. 2019, Torras et al. 2011). Combined with the semi-infinite 155 

medium model of Fick diffusion theory, the effective diffusion coefficient was 156 

calculated to evaluate the pollutant release of residues solidified samples. According to 157 

Fick's second law, the variation (t) of diffusion flux (J) with time on the solid/liquid 158 

interface of the semi-infinite medium can be expressed by Eqn (1)(Dutré et al. 1998, 159 

Dutré &Vandecasteele 1996, Singh &Pant 2006). 160 

J=√𝐷𝑒
πt ×C0=√De

πt ×
A0

V 𝐸𝑞𝑛 (1) 161 

 162 
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Here, t is the leaching time (s), and the initial concentration of extract in C0 sample 163 

(mg/m3). A0 is the total mass of the substance contained in the sample before the test 164 

(mg), and V is the sample volume (cm3). 165 

 166 

In a period of time (T), the cumulative mass (At) of pollutants filtered from the medium 167 

surface can be integrated into Eqn (1) to obtain Eqn (2)(Dutré &Vandecasteele 1996): 168 

At= ∫ S×Jdt=
t

0
A0×2×

S
V

√Det
π 𝐸𝑞𝑛 (2) 169 

Here, A0 is the initial total amount of pollutants in the sample (mg), and S is the surface 170 

area of the sample in the semi-dynamic leaching test (cm2). Thus, the cumulative 171 

fraction (%) (CFL) of the extract over time t can be calculated according to the results 172 

of the semi-dynamic leaching test using Eqn (3): 173 

CFL=
At

A0
=

1
A0

∑ Ci×VL,i
i

𝐸𝑞𝑛 (3) 174 

Here, Ci is the concentration (mg/L) and VL,i of leaching pollutants in the leaching 175 

solution during the i-th test interval during the semi-dynamic leaching test, and i is the 176 

volume (L) of leaching agent. Therefore, from Eqn (2) and Eqn (3) , the effective 177 

diffusion coefficient de can be expressed as the following Eqn (4): 178 

De=
π
4 (V

S)2

×
CFL2

t 𝐸𝑞𝑛 (4) 179 

Song et al (Dermatas et al. 2004, Song et al. 2013, Zhang &Lin 2020) showed that the 180 

leaching index (LI) can be used as an evaluation method for the treatment effect of 181 
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solidified samples, indicating the leachability of pollutants. According to Eqn (4), the 182 

leaching index equation can be expressed as Eqn (5): 183 

LI=
1
m ∑(- log(De))n

m

n=1

𝐸𝑞𝑛 (5) 184 

Here, m is the total number of leaching cycles and De is the effective diffusion 185 

coefficient, m2/s. 186 

In order to study the leaching mechanism of pollutants, de Groot and van der sloot 187 

established a diffusion theory model, as shown in Eqn (6): 188 

log(Mt) =
1
2 log(t)+log (Umax×d×√De

π ) 𝐸𝑞𝑛 (6) 189 

Here, Mt is the maximum cumulative release amount of pollutants (mg/m2); t is the 190 

contact time between the sample and the leaching agent; Umax is the maximum leaching 191 

amount, (mg/kg); D is the sample density (kg/m3). 192 

The i-th release amount Mi of pollutants can be expressed as Eqn (7): 193 

Mi=
Ci×VL,i

As
𝐸𝑞𝑛 (7) 194 

Here, As is the surface area of the immobilized product (cm2). 195 

 196 

Results and discussion 197 

The semi-dynamic leaching test was conducted to simulate the release law of pollutants 198 

from residues subgrade materials in an extremely acidic environment. According to the 199 

experimental method and diffusion theory mentioned above, the leaching law and 200 

leaching mechanism of pollutants were discussed. 201 
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 202 

pH change of leaching solution 203 

The initial pH value of leaching solution is 3.20 ± 0.05 . The pH changes of the leaching 204 

solution for residues subgrade materials verus leaching time are shown in the Fig. 1. 205 

The data in the figures are average values, the same as below. 206 

 207 

Fig. 1. Variation in leachate pH with leaching time 208 

 209 

It can be seen from Fig. 1 that in the early stage of leaching, due to frequent changment 210 

of the leaching solution, the pH of the leaching solution is similar to the initial leaching 211 

solution (pH 3.18). With the increase of leaching time, the pH value of leaching solution 212 

showed a trend from rise to decline, corresponding to the initial pH from 3.18 to the 213 

highest 6.48, and then decrease to 4.04 on the 4th day. Then it basically remained stable 214 

and fluctuates around pH 4. The average pH value of the leaching solution in the whole 215 

leaching stage was 4.16. 216 

 217 
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In the early stage of leaching, due to the dissolution of a large amount of Ca(OH)2 in 218 

the cement in the acid leachate, the pH keeped rising. It shows that the pH value of 219 

subgrade materials are controlled by alkaline cement hydrate at the initial stage of 220 

leaching (Drace et al. 2012, Du et al. 2014a, Shang et al. 2016). As the leaching time 221 

increased, the buffering capacity of the subgrade materials decreased. Because the 222 

leaching solution is acidic, the H+ content is much higher than the OH- leached from 223 

the samples, demonstrated that the pH of leaching solution maintained at a certain 224 

level. 225 

 226 

Relationship between leaching time and PAHs concentration 227 

In the semi-dynamic leaching test, the concentration changes of five PAHs with 228 

leaching time are shown in the Fig. 2. 229 

 230 

Fig. 2. Variation in leachate PAHs concentrations with leaching time 231 

 232 
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 233 

It can be seen from Fig. 2 that the concentration of naphthalene in the subgrade 234 

materials leaching solution increased first and then decreased with the increase of 235 

leaching time. The leaching concentration reaches the highest in the third day. Although 236 

there were some fluctuations later, it still showed a downward trend as a whole. During 237 

the whole leaching period, the concentration of naphthalene is between 0~0.0116 mg/L. 238 

The leaching law of anthracene is similar to that of naphthalene. The leaching 239 

concentration reached the highest in the 7th day, and then demonstrated a downward 240 

trend as a whole. During the leaching period, the concentration of anthracene is in the 241 

range of 0.0005~0.0146 mg/L. Both the concentrations of naphthalene and anthracene 242 

met the Class III water quality standard requirements of the “Standard for groundwater 243 

quality” for groundwater (GB/T 14848-2017). 244 

 245 

Compared with naphthalene and anthracene, the leaching concentrations of 246 

benzo(a)anthracene and dibenzo(a,h)anthracene were generally lower and fluctuated 247 

less within whole leaching time. Among them, the leaching concentration of 248 

benzo(a)anthracene and dibenzo(a,h)anthracene is between 0~0.0025 mg/L and 249 

0~0.0002 mg/L, respectively. In the middle and late stage of leaching, the average 250 

leaching concentration of benzo(a)pyrene increased from 0.0018 mg/L to 0.0034 mg/L, 251 

which did not meet the requirements of 2.8×10-6 mg/L in the “Environmental quality 252 

standards for surface water” (GB 3838-2002) and exceeded the requirement of Class 253 
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IV water quality ≤ 0.0005 mg/L in the quality “Standard for groundwater” (GB/T 254 

14848-2017), indicating that there was a certain environmental risk when thermal 255 

desorption residues of oil-based cuttings were applied as subgrade materials. The 256 

cumulative release of five pollutants is shown in Fig. 3.  257 

 258 

Fig. 3. Cumulative release amount of PAHs 259 

 260 

It can be seen from Fig.3 that the release of anthracene and naphthalene is the largest, 261 

while the releases of benzo(a)anthracene, benzo(a)pyrene, and dibenzo(a,h)anthracene 262 

are lower. The cumulative release of naphthalene and benzo(a,h)anthracene reached 263 

equilibrium after 9 days and the cumulative release amount of anthracene, 264 

benzo(a)pyrene and benzo(a)anthracene showed an upward trend within 14 days. The 265 

leaching of polycyclic aromatic hydrocarbons is controlled by its solubility in water 266 

and high affinity for organics. Generally speaking, the water solubility of polycyclic 267 

aromatic hydrocarbons decreased with increase of the number of benzene rings, whose 268 

release mainly depended on the solubility/hydrophobicity of a single compound (Irha 269 

et al. 2015). PAHs with high-ring number have lower solubility than tha of low-ring 270 
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number (Mastral &Callén 2000). So it is easier to dissolve solidified samples in 271 

appropriate solvents. Both naphthalene and anthracene are polycyclic aromatic 272 

hydrocarbons with low ring numbers, endowed the easier leaching property. 273 

 274 

Relationship between leaching time and heavy metal concentration 275 

 276 

Fig. 4. Variation in leachate Cd and Zn concentrations with leaching time 277 

 278 

It can be seen from Fig. 4 that with the increase of leaching time, the concentration of 279 

Cd reaches the peak at 5 h, which is 0.0018 mg/L, then shows a downward trend, and 280 

then fluctuates again at 4 d, 11 d and 14 d, but it shows a downward trend as a whole. 281 

During the whole leaching period, the concentration of Cd is 0.0002 ~ 0.0018 mg/L. 282 

The concentration of Zn fluctuated greatly during the leaching periods, ranging from 283 

0.0064 to 0.0683 mg/L, showing a first increase, then decrease, and then increase. The 284 

whole process reached the peak at 2, 5, 11and 14 days, showing a fluctuation. During 285 

the whole leaching process, Cd and Zn meet the Class III water quality requirements of 286 

the “Standard for groundwater quality” (GB/T 14848-2017). Through Eqn(7), compare 287 

the cumulative release of the two pollutants, as shown in Fig. 5.  288 
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 289 

Fig. 5. Cumulative release amount of Cd and Zn  290 

 291 

It can be seen from Fig. 5 that the cumulative release of Cd and Zn still showed an 292 

upward trend within 14 days. The upward trend of cumulative release of Cd gradually 293 

slowed down after 4 days. While the cumulative release of Zn increased rapidly in the 294 

first 11 days and gradually slowed down after 11 days. 295 

 296 

Zn and Cd are released in large quantities at the initial stage of leaching, which may be 297 

the result of the replacement of leaching agent and the initial scouring of subgrade 298 

materials by leaching agent. The leaching of Zn is greatly affected by the pH of the 299 

leaching solution (Du et al. 2014b, Du et al. 2015, Ziegler et al. 2001). The stronger the 300 

acidity is, the greater the leaching concentration is, being related to the composition of 301 

subgrade materials. Further the analysis of crystal structure is carried out. It can be seen 302 

from Fig. 6 that there are diffraction peaks of ettringite(Aft), CaCO3, and BaSO4. 303 

Previous investigation demonstrated that the fixation effect could be achieved by 304 

adding C-S-H structure with low Zn concentration (Rose et al. 2001). Therefore, under 305 



17 
 

acidic conditions, H+ was consumed by the subgrade materials in the leaching 306 

solutiontogether with the relevant compounds of the subgrade materials including 307 

cement hydration products such as Aft, C-S-H, Ca (OH)2 and CaCO3, being dissolved. 308 

Therefore, the compounds bounded with Zn, Cd, and other heavy metals were also 309 

dissolved, resulting in the increase of metal concentration in the leaching solution, 310 

exhibiting the increase of pH for leaching solution (Fig. 6).  311 

 312 

Fig. 6. XRD of residues and residues subgrade materials 313 

 314 

 315 

Discussion on the release mechanism of PAHs 316 

According to Eqn(6), take the logarithm of the cumulative release amount and the 317 

leaching time, and draw Fig.7 to reveal the leaching mechanism of PAHs.The leaching 318 

mechanism of PAHs was discussed based on the data from the logarithm of the 319 

cumulative release and the leaching time in Fig. 3. The fitted results were shown in the 320 

Fig. 7.  321 



18 
 

 322 

Fig. 7.. (a-e) show the log (Mt) - log (t) fitting curves of PAHs towards pollutants 323 

naphthalene, anthracene, benzo(a)anthracene, benzo(a)pyrene and 324 

dibenzo(a,h)anthracene, respectively 325 

 326 

It can be seen from the curve in Fig. 7 that the curves can be piecewise fitted through 327 

two distinct lines, indicating that the pollutant leaching mechanism has changed in the 328 

leaching process, resulting in obvious changes in leaching characteristics (Liu et al. 329 

2020). Through piecewise linear fitting of log (Mt) and log (t) of each pollutant, the 330 

slope and correlation coefficient R2 of each pollutant are shown in Table 3. 331 

Table 3. Leaching mechanism of PAHs under acid leaching conditions of semi-332 

dynamic test 333 

pollutant leaching time slope R2 leaching mechanism 

naphthalene 
0-4d 1.28 0.9981 dissolution 

4-14d 0.56 0.9679 diffusion 

anthracene 
0-6d 0.67 0.9810 dissolution 

6-14d 0.49 0.9962 diffusion 

Benzo (a) anthracene 
0-4d 0.86 0.9742 dissolution 

4-14d 0.46 0.9924 diffusion 

Benzo (a) pyrene 0-5d 0.46 0.9672 diffusion 
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pollutant leaching time slope R2 leaching mechanism 

5-14d 1.63 0.9086 dissolution 

Dibenzo (a, h) anthracene 
0-4d 0.73 0.9704 dissolution 

4-14d 0.46 0.8974 diffusion 

 334 

It can be seen from Table 3 that except for benzo(a)pyrene, the slopes of the fitting lines 335 

for other four pollutants are all between 0.67 and 1.28 in the first stage, and the slopes 336 

of the second stage are all around 0.5. According to Li et al, when the slope is between 337 

0.35 and 0.65, matrix diffusion is the leaching mechanism (Li et al. 2017). If the slope 338 

is less than 0.35, the main mechanism is ascribed to surface erosion. When the slope is 339 

greater than 0.65, the main mechanism is dissolution. Therefore, it was judged that the 340 

pollutant release of naphthalene, anthracene, benzo(a)anthracene, and 341 

dibenzo(a,h)anthracene was mainly controlled by dissolution in the early stage of 342 

leaching and the main release mechanism was diffusion in the later stage of leaching. 343 

For benzo(a)pyrene, the release of benzo(a)pyrene in the early stage was mainly 344 

controlled by diffusion, and it was dissolved in the later stage, which might pose a 345 

certain environmental risk. 346 

 347 

(2) Effective diffusion coefficient 348 

Fick’s second law is used to solve the effective diffusion coefficient. Since the effective 349 

diffusion coefficient De cannot be calculated by Eqn (4) when the pollutant leaching 350 

mechanism is dissolution and surface scouring. Hence, CFL~t1/2 linear fitting is only 351 

carried out for the time period when the pollutant leaching mechanism is diffusion. The 352 
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effective diffusion coefficient in the corresponding time period was calculated, as 353 

shown in Fig. 8. 354 

 355 

Fig. 8. Variation in CFL of PAHs with square root of leaching time 356 

 357 

 358 

It can be seen from the Fig. 8 that the CFL-t1/2 curves of naphthalene, anthracene, 359 

benzo(a)anthracene and dibenzo(a,h)anthracene can be expressed by linear fitting. The 360 

De value of each pollutant can be calculated according to Eqn (2), as shown in Table 4. 361 

 362 

Table 4. Effective diffusion coefficient (De) values of PAHs 363 

pollutant leaching tim R2 De（m2/s） 

naphthalene 4-14d 0.9633 5.21×10-12 

anthracene 6-14d 0.9896 1.22×10-11 

Benzo (a) anthracene 4-14d 0.9908 4.22×10-13 
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Dibenzo (a, h) anthracene 4-14d 0.9052 7.54×10-17 

 364 

The De value can reflect the release rate of pollutants. As shown in Table 4, the De 365 

values of naphthalene, anthracene, benzo(a)anthracene, and dibenzo(a,h)anthracene are 366 

10-11 to 10-17 m2/s. According to the previous investigation (Malviya &Chaudhary 367 

2006), when De<3×10-13 m2/s or De is between 3×10-13~10-11 m2/s, the flow of 368 

pollutants is very low or at a general level. When De>10-11 m2/s, the pollutant mobility 369 

is higher. Therefore, under acidic pH conditions, the mobility of the pollutants 370 

naphthalene, anthracene, benzo(a)anthracene, and dibenzo(a,h)anthracene were all at a 371 

low level, indicating that the pollutant mobility was low. Here, the release rate of 372 

benzo(a,h)anthracene was the slowest. Since naphthalene, anthracene, 373 

benzo(a)anthracene, and dibenzo(a,h)anthracene showed diffusion effects in the later 374 

stage, and the mobility of pollutants were relatively weak. When the mobility of 375 

pollutants are at a low level, the risk of environmental pollution are within the 376 

acceptable range. Hence, it can be used in resource utilization scenarios such as the 377 

restoration of road bases and quarries. 378 

 379 

Discussion on release mechanism of heavy metals 380 

According to the diffusion theory of Groot and van der sloot, the logarithm of pollutant 381 

cumulative release and time logarithm are plotted, as shown in Fig. 9.  382 
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 383 

Fig. 9. log (Mt) - log (t) fitting curves of Cd and Zn 384 

(the picture on the left shows pollutant Cd and the picture on the right shows pollutant 385 

Zn) 386 

 387 

It can be seen from Fig. 9 that the log (Mt) and log (t) curves of Cd can be well fitted 388 

linearly. While the log (Mt) and log (t) curves of Zn can be obviously fitted in two 389 

different linear segments, indicating that the leaching mechanisms and leaching 390 

characteristics of Zn have changed. Through piecewise linear fitting of log (Mt) and 391 

log (t) of the two pollutants, the slope and correlation coefficient R2 of each pollutants 392 

are shown in Table 5. 393 

 394 

Table 5. Leaching mechanism of Cd and Zn under acid leaching conditions of semi-395 

dynamic test 396 

pollutant leaching time slope R2 leaching mechanism 

Cd 0-14d 0.65 0.9810 diffusion 

Zn 
0-1d 0.60 0.9706 diffusion 

4-14d 1.51 0.9907 dissolution 

 397 

It can be seen from Table 5 that the slope of Cd in the whole leaching stage is 0.65, 398 

judging that Cd is controlled by diffusion during leaching. By piecewise fitting of Zn, 399 
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the slope of Zn within 1 day of leaching was 0.60 and that in the later stage was 1.51. 400 

Therefore, it was judged that Zn was controlled by diffusion in the early stage of 401 

leaching and the main leaching mechanism became dissolution in the later stage. 402 

 403 

(2) Effective diffusion coefficient 404 

Fick’s second law is used to solve the effective diffusion coefficient Eqn (4). Since the 405 

formula is only applicable to the subgrade materials whose pollutant leaching 406 

mechanism are diffusion, CFL ~ t1/2 linear fitting is only carried out for the time period 407 

when the pollutant leaching mechanism is diffusion, and the effective diffusion 408 

coefficient (De) in the corresponding time period is calculated, as shown in Fig. 10. 409 

 410 

Fig. 10. Variation in CFL of Cd and Zn with square root of leaching time 411 

 412 

It can be seen from Fig. 10 that the CFL-t1/2 curves of Cd and Zn in the corresponding 413 

time period can be well represented by linear fitting. The De values of each pollutant 414 

are calculated according to Eqn (2), as shown in Table 6. 415 

Table 6. Effective diffusion coefficient (De) values of Cd and Zn 416 

pollutant leaching time R2 De（m2/s） 

Cd 0-14d 0.9843 4.91×10-16 
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pollutant leaching time R2 De（m2/s） 

Zn 0-1d 0.9156 1.96×10-17 

 417 

The De values reflects the release rate of pollutants. As shown in Table 6, the De values 418 

of Cd and Zn are 4.91×10-16 m2/s and 1.96×10-17 m2/s, which are far less than 3×10-13 419 

m2/s. Therefore, under acidic pH conditions, the mobility of the pollutants for Cd and 420 

Zn are both at a low level, indicating that the pollutant migration rate is low. Referring 421 

to the Class III water quality requirements in “Standard for groundwater quality” (GB/T 422 

14848-2017), the concentrations of Zn and Cd must be less than or equal to 1.0 mg/L 423 

and 0.005 mg/L, respectively. Combined with the leaching experiments, although there 424 

were certain fluctuations for Zn concentration with the increase of leaching time, the 425 

overall trend was downward. The maximum concentration of leaching is 0.0683 mg/L, 426 

which was far less than 1.0 mg/L, indicating that the leaching release rate was low. The 427 

concentration of Cd during leaching was also far less than 0.005 mg/L. Therefore, the 428 

pollutants Cd and Zn in the subgrade materials have little impact on the environment. 429 

 430 

In order to more intuitively show the impact of pollutants on the environment, the 431 

leachability of pollutants are expressed by leaching index (LI) to evaluate the treatment 432 

effect of subgrade materials. The LI values of Cd and Zn calculated by Eqn (5) were 433 

15.31 and 16.71, respectively. According to previous investigations, when LI> 9, it is 434 

considered that the cured sample can be controlled and used, such as road base material, 435 

quarry repair, etc. 436 
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 437 

Conclusion 438 

Through the semi-dynamic leaching test, the leaching characteristics of pollutants in 439 

subgrade materials in extremely acidic environment are studied. Here, the leaching 440 

mechanisms are discussed, which provide bases for the feasibility of resource 441 

utilization of thermal desorption residue in road building materials. According to the 442 

results of this study, the following conclusions can be displayed as follows:  443 

 444 

The results of the semi-dynamic tests show that under acidic conditions, the pollutants 445 

of naphthalene, anthracene, benzyl(a)anthracene, dibenzyl(a,h)anthracene, Cd and Zn 446 

in residues subgrade materials all meet the Class III water quality requirements of 447 

“Standard for groundwater quality” (GB/T 14848-2017). However, the maximum 448 

concentration of benzo(a)pyrene can reach 0.0034 mg/L in the middle and later stage 449 

of leaching, which exceeds the Class IV water quality requirements of  (GB/T 14848-450 

2017). Further researchs will be carried out to determine whether it has risks to the 451 

environment.  452 

 453 

Combined with Fick’s second law, the release mechanisms of several pollutants were 454 

determined. In the early stage of leaching, the release of naphthalene, anthracene, 455 

benzo(a)anthracene and dibenzo(a,h)anthracene are mainly dissolution, and in the later 456 

stage, they are mainly diffusion, and the fluidity of pollutants are low. The leaching of 457 
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pollutant Cd is mainly controlled by diffusion, and Zn is controlled by diffusion in the 458 

early stage of leaching, but in the later stage, the main leaching mechanisms become 459 

dissolution. The fluidity of the two pollutants are at a low level. 460 
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