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Based on the global goals for cleaner production and sustainable development, the pyrolysis behavior of 
cephalosporin residues was studied by TG-MS method. The infl uence of full temperature window on the 
safe disposal of residues was analyzed based on the “3-2-2” and “1+1” of thermal analysis kinetics, and 
the gas by-products of thermal degradation were monitored. Results showed that the pyrolysis of distilla-
tion residues were divided into low and high-temperature zones, including six stages. Maximum error rate 
(8.55%) by multiple scan rate was presented based on “3-2-2” pattern and maximum total fl uctuation (33.7) 
by single scan rate was presented based on “1+1” pattern, which implied that the comprehensive multi-level 
comparison method was very reliable. The E value “E” of six stages showed an increasing trend ranging 
166.8 to 872.8 kJ/mol. LgA(mean) was 27.28. Most mechanism function of stage 1, 2 were Z-L-T equation 
(3D), stage 3, 4, 6 were Avrami-Erofeev equation (AE3, AE4, AE2/3) and stage 5 was Reaction Order 
(O2). In addition, various small molecular micromolecule substances were detected such as C2H4O, C2H6, 
NH3, CH4, CO2 under full temperature windows and a possible pyrolysis path of residues was provided.
Keywords: Distillation residues; Thermal analysis kinetics; “3-2-2”; “1+1”; Pyrolysis mechanism.

INTRODUCTION

   China is the world’s largest producer of antibiotic 
raw materials and produces 80% of the cephalosporins. 
The main characteristics of antibiotics are the variety 
of products, the use of raw and auxiliary materials, the 
generation of pollutants, the production process is com-
plex, and the treatment process and discharge methods 
are diversifi ed. The residual antibiotics in the residues of 
bacteria can induce the production of resistance genes 
and cause drug resistance of bacteria1, 2, 3. If improperly 
handled, it is easy to cause the spread and diffusion 
of drug-resistant bacteria, which endangers the ecolo-
gical environment and human health. In 2008, China 
listed fermented pharmaceutical residues in the List 
of Hazardous Wastes4. The technology and equipment 
for the effi cient and safe conversion of cephalosporin 
residue from organic distillation and the utilization of 
materials and energy are not only the focus of pollution 
in the pharmaceutical industry but also the diffi culty of 
control, which has become the bottleneck restricting the 
sustainable development of the pharmaceutical industry. 

 High-temperature pyrolysis is the use of heat energy 
to cut off the chemical bonds in macromolecules and 
transform them into non-toxic and harmless small mo-
lecular substances under the condition of isolating air or 
passing into a small amount of air5. Meanwhile, pyrolysis 
of distillation residues based on high-temperature treat-
ment can obtain products with rich pore structure, unique 
morphology, excellent adsorption or electrochemical 
properties. However, the reaction of the high-temperature 
treatment process is ambiguous, and the synthesis path 
of the by-product is not clear, which indicates that the 
pyrolysis mechanism cannot be determined. This inhibits 

the development of high-temperature pyrolysis technol-
ogy for the safe disposal of solid waste.

It is understood that specifi c mathematical models are 
widely used in the kinetic analysis of material mecha-
nisms.  Thermal analysis kinetics were usually used to 
analyze the high-temperature treatment mechanism of 
materials by the calculation for kinetic triplet (G(α), E 
and A)6, 7, 8, 9. The mechanism microscopic shows the 
fracture and formation of the bond of the whole reaction 
process.  By using C-R thermal analysis kinetics, Wu Di et 
al. calculated the average activation energies of the three 
decomposition stages of ammonium sulfate and the most 
probable mechanism functions to provide a theoretical 
basis for the full utilization of ammonium sulfate10. Wu 
Xinrong et al. obtained the average activation energy 
values using Starink, FWO and Kissinger methods, and 
concluded that the activation energy is small and the 
combustion chemical reaction is easy to occur11. Zhu 
Wei et al. used Arrhenius thermal analysis kinetics to 
calculate the activation energy which concluded that the 
reaction activation energy slag wax C > slag wax D > 
slag wax B12. Although many mathematical models were 
used to calculate the kinetic parameters, the accuracy 
of the results may appear contingency, creating a bias 
of a single calculation method. It is understood that 
specifi c mathematical models are widely used in the 
kinetic analysis of material mechanisms, in this paper, 
“3-2-2” and “1+1” models were used to more accurately 
infer the pyrolysis mechanism and kinetic parameters 
by comparing the differential and integral results of the 
same mechanism function which were more conducive to 
the analysis of the overall reaction kinetics “1+1” was 
the pattern based on the contrast of C-R and ABSW 
by comparing the minimum of total volatility Δ total. 
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“3-2-2” was the pattern of multiple-level comparison 
of three models (FWO, KAS, Starink) of E-G(α), two 
models (Popescu, Friedman) of G(α)-E and two cal-
culation ways (E-G(α), G(α)-E). A thermogravimetric 
analyzer was used together with the mass spectrometer 
detector (TG-MS) to acquire the information on gas 
by-products in real time12, 13 in the process of analyzing 
the relationship between quality and temperature for 
exploring the reaction path. 

To achieve safe disposal, the thermal analysis kinetic 
method based on the “3-2-2” and “1+1” modes were 
utilized to analyze the possible degradation mechanism 
of cephalosporin residue. According to the pyrolysis char-
acteristics of organic residues, the data of temperature 
as a function of mass were obtained. TG/DTG curve 
was used to study the pyrolysis characteristics of organic 
residues, and the deep mechanism of high-temperature 
degradation of organic residues was inferred, which 
provided the possibility for the clean production or 
sustainability of cephalosporin pollutants in China.

MATERIALS AND METHODS 

Preparation of materials
The materials (residues of distillation organic kettle) 

were obtained from a cephalosporin pharmaceutical fac-
tory. It was centrifuged and dried at 80 oC for 12 hours, 
then put it into centrifugal pipe in desiccator for standby. 

Characterization of materials
The distillation residues were analyzed using an 

X-ray diffractometer manufactured by D/Max-2500 
(Rigaku Corporation, Japan) with Cu Kα radiation 
(λ = 0.15406 nm). The scanning electron microscope 
(SEM) measurements were presented by using the Pri-
sma-E (Thermo Fisher Scientifi c). 

Thermogravimetric text  
The pyrolysis of distillation residues was performed in 

NETZSCH STA 449 F5/QMS 403 D thermogravimetric 
mass spectrometer (NETZSCH, Germany). At the he-
ating rates of 5, 10, 15, 20, 25 K/min ranging from 323 
to 1273 K with an He fl ow of 40 mL/ min, distillation 
residue of 5 ± 0.3 mg was added into the alumina 
crucible with lid of Pt-Rh and pyrolyzed to obtain the 
data involving temperature and quality. Whether the TG 
curves at different heating rates are similar in general 
indicates whether the experiment has certain reliability 
and repeatability. The gas by-products produced during 
the pyrolysis process were acquired by the mass spec-
trometer to get possible paths of material pyrolysis. The 
experimental device diagram is shown in Fig. 1. 

Study of thermal analysis kinetics
The possible combustion mechanism of organic bacte-

rial residue was calculated and analyzed by using two 
different modes of thermal analytical kinetics “3-2-2” 
and “1+1”. The reaction activation energy E can provide 
A basis for the heat required for high-temperature treat-
ment, the pre-factor A can predict the reaction trend, 
and the most likelihood mechanism function G(α) can 
predict the combustion mechanism. The data about the 
mass and temperature of materials were used in the 
kinetic calculation process. The conversion rate rang-
ing from 0.2-0.8 with the steps of 0.05 was selected to 
calculate the three factors of kinetics (G(α), E and A). 

Single scan rate methods
Coats-Redfern (C-R)14, 15 and Achar-Brindley-Sharp-

-Wendworth (ABSW)16 models were used to solve the 
kinetic triplet of pyrolysis distillation residues.

The formulas of C-R and ABSW were listed as follows: 

 (1)

 (2)

Where f(α) and G(α) represented the differential and 
integral forms of the kinetic model function, respectively; 
T was reaction temperature, K; R was the gas constant, 
8.314 J/(mol · K); β was the heating rate, K/min; E was 
the apparent activation energy, kJ/mol; A was the pre-
exponential factor, min–1.

The E and A values were calculated by the slope and 
intercept of the regression line from fi tting ln[G(α)/T2] 
vs 1/T (C-R) and ln[(βdα/dT)/f(α)] vs 1/T (ABSW). G(α) 
were acquired by screening the ones with high linearfi t-
ting by comparison. 

Multiple scan rate methods
The multiple scan rate method was widely used by 

domestic and foreign scholars because it avoided on the 
selection of the most probable mechanism function to 
obtain more reliable E values through comparing with 
single scan7, 17. In this paper, fi ve models based on the 
different calculation order of E and G(α) were divided 
into two calculation ways marked as E-G(α) (FWO, KAS, 
Starink) and G(α)-E (Popescu, Friedman). Multiple-
level comparison of three models, two models and two 
calculation ways were introduced as “3-2-2”. 

(1) E-G(α)
Flynn-Wall-Ozawa (FWO)18, 19, Kissinger-Akahira-

Sunose (KAS)12, 20 and Starink21, 22 models were used in 
the way of E-G(α). The E values were fi rst calculated 
by FWO, KAS and Starink three ways.

The formulas of FWO, KAS, and Starink were pre-
sented as follows:

 (3)

 (4)

 (5)Figure 1. The diagram of experiment equipment.
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Under the TG curve with different heating rates, the 
E values were calculated through the slope of the re-
gression line from fi tting lnβ vs 1/T (FWO), ln[β/T2] vs 
1/T (KAS) and ln[β/T1.8] vs 1/T (Starink), respectively.

The second step, G(α) and the A values could be cal-
culated based on the above E value involving the integral 
master-plot method23 and Tang-Liu-Zhang-Wang-Wang 
temperature integral approximation. 

The formulas of the integral master-plot method and 
Tang-Liu-Zhang-Wang-Wang temperature integral ap-
proximation were expressed as follows:

 (6)

 (7)

 (8)

The experiment master-plots and theoretical master-
plots could be obtained by fi tting P (α)/P (0.5) vs α 
and G (α)/G (0.5) vs α. The G(α) could be obtained by 
comparing the shape of the experimental master-plots 
with the theoretical master-plots.

(2) G(α)-E
Popescu-Friedman models were used in the way of 

G(α)-E. The G(α) was fi rst screened by Popescu24 model. 
The more reliable E values were acquired by the com-
parison of Friedman25 and Popescu models.

The formula of Popescu was performed as follows:

 (9)

Under the different heating rates, the data of (Tm, Tn) 
and (αm, αn) were collected. In the reasonable range 
of β and α values, the G(α)mn vs 1/βi relationship was 
a straight line passing through the coordinate origin. If 
the experimental data and the adopted G(a) met the 
above straight line, the G(a) was the kinetic mechanism 
function refl ecting the real chemical process.

In the second step, the E, A values of Popescu model 
and the E value of Friedman model were calculated.

The formulas of Popescu and Friedman were perfor-
med as follows:

 (10)

 (11)

The E and A values of Popescu were calculated through 
the slope and intercept of the regression line from fi tting 
ln[β/(Tm – Tn)] vs 1/Tζ. The E values of Friedman model 
were calculated through the slope of the regression line 
from fi tting ln(βdα/dT) vs 1/T.  

 RESULTS AND DISCUSSION 

Characterization of materials
The photo fi le of distillation residues with orange pow-

der is shown in Fig. 2. The SEM images are presented 
in Fig. 3. It could be seen from Fig. 3 (A) that the 
distillation residual solids were lumpy substance. After 
amplifi cation, it was observed that solids were built by the 
accretion of numerous nanoparticles with sizes ranging 
from tens to 200 nm (Fig. 3 (B)). The XRD patterns of 
rectifi cation residues are shown in Fig. 4. The three pos-
sible substances were presented with comparison results 
based on the characteristic diffraction peak. According to 
the spectrum library comparison results, the rectifi cation 
residue may contain #72-1668 NaCl, NaCNO(#44-0770), 
C4H3KO8 · 2H2O (#31-1029).

Figure 2. The photo fi le of distillation residues

Figure 3. SEM image for distillation residues: 20 μm (A) and 
5 μm (B)
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Analysis of pyrolysis characteristics
It is important to analyze pyrolysis characteristics of 

residues based on the data of temperatures vs mass, 
which is good for estimating the change of the solid 
waste with temperatures and preliminarily determining 
possible reactions in the process for the calculation of 
thermal analysis kinetics. The TG and DTG curves which 
measured the distillation residues  by TG-MS under the 
He atmosphere were shown in Fig. 5.  The TG curves 
generally presented similarity with different heating rates, 
which indicated that the experiment had certain reliability 
and repeatability. There were also some unique differ-
ences in part , which was the low-temperature range had 
a high coincidence degree but the high-temperature range 
had a deviation. Coincidence may be due to less energy 

required for the current reaction. The deviation may be 
the thermal hysteresis phenomenon or heat conduction 
of materials26, 27. With the increase of heating rate, the 
time for the material to obtain heat energy was short-
ened. Although required temperature of surface could 
reach, inside temperature of material was not enough 
to required energy for the reaction. The DTG curves 
showed obvious “hollow” at the same heating rate and 
“stratifi cation” at different heating rates, indicating dif-
ferent reaction types and intensities. The low and high-
temperature regions were divided into six stages based 
on the “hollow” of DTG. The weight loss rates of each 
stage are presented in Table 1. The weight loss of the 
fi rst major part was 23.10% and the second major part 
was 53.19% accounting for 98.5% of the total weight 
loss, which showed two zones including six stages were 
selected as the main thermal analysis stage from TG / 
DTG curves. In the six stages, stages 1, 2, 5, 6 reacted 
violently and stages 3, 4 reacted genteelly, which may be 
due to stage 3 and stage 4 being the transition stages. 
It is noted the reaction of high-temperature pyrolysis 
was ambiguous for the safe disposal of distillation resi-
dues explored for the fi rst in the work. Moreover, the 
method of high-temperature heat treatment can not 
only promote the decomposition of solid waste and 
reduce toxicity, such as determining the best treatment 
temperature according to the optimal growth conditions 
of chlorella, but also generate new valuable products 
such as carbon materials, which have been applied in 
the fi eld of adsorption separation28, catalysis29, energy 
storage30 and conversion31. However, the synthesis of 
most products was only presented by a simple process 
of high-temperature pyrolysis carbonization32, 33, which 
showed that the possible reaction mechanism was not 
clearly stated. To further explore the pyrolysis mecha-
nism of residues in high-temperature treatment process, 
thermal analysis kinetics were used by the calculation 
for kinetic triplet (G(α), E and A).

Table 1. Percentage of weight loss at low and high-temperature 
stage of materials

Figure 5. TG (A) and DTG (B) curves for material at different 
heating rates

Figure 4. XRD pattern for distillation residues

Analysis of kinetic parameters 
Commonly used mechanism functions combined with 

kinetic models were performed in Table 2. According to 
the characteristics of TG and DTG curves, the process 
can be divided into six stages. In all six stages, stages 1, 
3 and 4 were calculated based on “3-2-2” from multiple 
rate methods and stages 2, 5 and 6 were calculated based 
on “1+1” from single rate methods. The comparison of 
E-G(α) (FWO, KAS, Starink) and G(α)-E (Popescu, 
Friedman) were applied from “3-2-2” for the calculation 
of kinetic parameters. The comparison based on “1+1” 
was presented by C-R and ABSW. 
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Analysis of stage 1
Firstly, “Pattern 3” was applied in E-G(α) method with 

FWO, KAS, Starink models. As shown in T able S1, the 
E values of the three models are very close, approximately 
ranging from 130 to 300 kJ/mol (α = 0.2–0.8). Fitting 
degree of R2 values were relatively high, all above 0.94. 
The average E values of three models were 161.48, 
161.95, 162.14 kJ/mol and the error rate were 0.23%, 
0.06%, 0.17%, respectively. There were also some special 
phenomena. The E values presented an increasing trend 
with the increase of the conversion rate, which hinted 
that this stage was a multi-step combination reaction. 
The fl uctuation difference of E value was 178.98 kJ/mol. 
This may be due to the production of intermediate. R2 
values were increased from 0.94 to 0.99 with the rise of 
the conversion rate. It can be seen in Fig. S1 that the 
fi tting curves “focused” to the upper left. 

The E values of FWO, KAS and Starink models were 
respectively substituted into the equation (8) to obtain 
different temperature integral P(uα). It could be seen from 
Fig. S2, that the shape of the experimental mater-plots 
was similar at different heating rates, which indicated that 
the heating rates did not affect the calculation of the py-
rolysis mechanism of distillation residues. Therefore, the 
experimental master-plots at the 10 K/min heating rate 
was taken as an example to compare with the theoretical 
master-plots. The comparison between the experimental 
master-plots and the theoretical master-plots of stage 
1 is shown in Fig. S3. By comparing the experimental 
master-plots and the theoretical master-plots of three 
models, the experimental master-plot of stage 1 was 
matched to the theoretical master-plot Z-L-T equation. 

The Z-L-T equation was substituted into Equation (8):

 (12)
The R2 of kinetic index correction values can be 

acquired by fi tting  and 
A value from the slope value (Fig. S4).

Then, for better comparison, “pattern 2” was quoted 
based on G(α)-E method by Popescu-Friedman models. 
In G(α)-E method, G(α) was fi rst identifi ed. As shown 
in Table S2, fi tting result of Popescu model selection 
based on the maximal R2 displayed that Z-L-T equation 
was the kinetic mechanism function. The E values of 
Popescu-Friedman were calculated according to the most 
probable mechanism function. It can be seen from Table 

S3 that the calculation of E values from two models had 
no obvious differences, which showed the calculation of 
Popescu model was reliable for analyzing the pyrolysis 
mechanism of stage 1. The average E values were 181.81, 
202.48 kJ/mol and the error rates were 5.38%, 5.38%, 
respectively.

 Finally, the last “pattern 2” in “3-2-2” was presented 
by the comparison two calculated ways based on E-G(α) 
and G(α)-E. The comparison of mechanism functions 
between two calculated ways showed that the E and 
A values of the different models were similar, the R2 
values were high (above 0.94) and most mechanism func-
tions were the same. These showed E-G(α) and G(α)-E 
two methods were reliable to obtain kinetic parameters 
of stage 1. The obtained kinetic parameters of the stage 
1 pyrolysis process are listed in Table S4. It could be 
seen that  the E(mean) of stage 1 was 177.00 kJ/mol and 
the error rate respectively were 8.55% and 8.56%, the 
LgA value was 17.13 min–1, and the most mechanism 
function was Z-L-T equation. The reaction mechanism 
of Z-L-T equation was 3D.

Analysis of stage 2
For stage 2, kinetic parameters were calculated by two 

different forms of kinetic models, respectively, in which 
C-R attributed to the integral form and ABSW attributed 
to the differential form (Fig. S5). The E values range 
from 73.1 to 321.9 kJ/mol. Optimal kinetic parameters 
were chosen by “1+1”, which was based on the assess-
ment criteria (The value of R2 was closer to 1 and total 
fl uctuation of ΔLgA and ΔE). As shown in Table S5, the 
most probable mechanism was No.3 (Z-L-T equation of 
3D) due to better fi tting (R2 = 0.99) and minimum total 
fl uctuation (ΔLgA = 8.2, ΔE = 2.5).  The Value of E(mean) 
was 176.0 kJ/mol. The Value of LgA(mean) was 8.8 min-1. 

Analysis of stage 3
“Pattern 3” was used fi rstly based on E-G(α) method. 

In this method, the E values of the three models were 
very close, ranging from 300–700 kJ/mol. The R2 of 
conversion rate below 0.7 was greater than 0.94 and R2 
decreased with the increase of conversion rate, which may 
be due to the affect gentle based on DTG curves. The 
average E values of three models were 412.86, 422.43, 
422.05 kJ/mol, and the error rate were 1.49%, 0.79%, and 
0.70%, respectively (Table S6). Some special phenomena 
were also presented that the E values showed a trend of 

Table 2. Most commonly used kinetic mechanism function
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P(uα). The experimental mater-plots are presented in 
Fig. S11. The experimental master-plots at the 10 K/min 
heating rate were taken to compare with the theoretical 
master-plots (Fig. S12). By comparing, the experimental 
master-plot of stage 4 was similar to the theoretical 
master-plot Avrami-Erofeev equation. 

The Avrami-Erofeev equation was substituted into 
Equation (8):

 (14)

The R2 of kinetic index correction values can be ac-

quired by fi tting  and the 
A values were the slope values (Fig. S13).

In “pattern 2” of G(α)-E method, the kinetic mecha-
nism function of Popescu model was Avrami-Erofeev 
equation (Table S11). It could be seen from Table S12 
that the calculation E values of Popescu and Friedman 
models were very close, which showed the calculation of 
Popescu model was reliable. The average E values were 
661.19, 682.65 kJ/mol and the error rates were 1.60%, 
and 1.60%, respectively.

The last “pattern 2” comparison of mechanism func-
tions between the E-G(α) and G(α)-E two calculated ways 
that the E and A values of the different models were 
closed, the R2 values were high and the most mechanism 
functions were the same. These showed E-G(α) and 
G(α)-E two methods were reliable to obtain kinetic pa-
rameters of stage 4. The obtained kinetic parameters of 
stage 4 pyrolysis process are listed in Table S13.  It can 
be seen that the E(mean) of stage 4 was 625.82 kJ/mol and 
the error rates respectively were 7.37% and 7.37%, the 
LgA value was 31.77 min-1, the most mechanism function 
was Avrami-Erofeev equation. The reaction mechanism 
of stage 4 was AE4.

Analysis of stage 5
In this stage, kinetic parameters were calculated by 

C-R and ABSW two models, respectively (Fig. S14). 
The choice of optimal kinetics parameters was same as 
stage 2. The most probable mechanism was No.13 (Reac-
tion Order of O2) due to better fi tting (R2 = 0.99) and 
minimum total fl uctuation (ΔLgA = 8.5, ΔE = 25.2). 
 The Value of E(mean) was 784.2 kJ/mol. The Values of 
LgA(mean) was 36.3 min–1 (Table S14). 

Analysis of stage 6
C-R and ABSW two models were used to calculate 

kinetic parameters, respectively (Fig. S15). It can be 
seen from Table S15 that the ΔE of No. 6, No. 7 and 
No. 9 were identical and the differences of ΔLgA were 
no obvious. No. 6, No. 7 and No. 9 were the probable 
mechanism. In combination with the previous stages, the 
E value tended to increase and the growth rate of each 
stage was about 100–200 kJ/mol. Therefore, No. 6 and 
No. 9 were excluded. The most probable mechanism 
was No. 7 (Avrami-Erofeev equation of A2/3) due to 
better fi tting (R2 = 0.99) and minimum total fl uctuation 
(ΔLgA = 9.8, ΔE = 0.9).  The Value of E(mean) was 872.8 
kJ/mol. The Value of LgA(mean) was 36.1 min–1. 

In the materials pyrolysis processes, the mechanism 
functions of stage 1, 2 were all Z-L-T equation. There-
fore,  stage 1 and stage 2 could be divided into the 

decreasing fi rst and then increasing, which hinted that 
this stage was a multi-step combination reaction. The 
fl uctuation difference of E value was 401.37 kJ/mol. 
Contrary to the law of E values, R2 generally showed 
a trend of increasing fi rst and then decreasing. It can 
be seen in Fig. S6 that the fi tting curves “focused” to 
the lower right. 

The E values of FWO, KAS and Starink models were 
respectively substituted into the equation (8) to obtain 
P(uα). The shape of the experimental mater-plots was 
presented in Fig. S7. The experimental master-plots at 
the 10 K/min heating rate were taken to compare with 
the theoretical master-plots, which was shown in Fig. S8. 
By comparing, the experimental master-plot of stage 3 
was similar to the theoretical master-plot Avrami-Erofeev 
equation. 

The Avrami-Erofeev equation was substituted into 
Equation (8):

 (13)

The R2 of kinetic index correction values could be 

acquired by fi tting  and 
the A values were the slope values (Fig. S9).

“Pattern 2” was quoted based on G(α)-E method 
for better comparison. In G(α)-E method, as shown in 
Table S7, fi tting result of Popescu model displays that 
Avrami-Erofeev equation was the kinetic mechanism 
function. It can be seen from Table S8 that the calcu-
lation E values of Popescu and Friedman models had 
no obvious differences, which showed the calculation 
of Popescu model was reliable. The average E values 
were 354.50, and 363.91 kJ/mol and the error rate was 
1.31%, respectively.

In the last “pattern 2”, a comparison of mechanism 
functions between the E-G(α) and G(α)-E two calcu-
lated ways showed that the E and A values of the dif-
ferent models were closed, the R2 values were high and 
the most mechanism functions were the same. These 
showed E-G(α) and G(α)-E two methods were reliable 
to obtain kinetic parameters of stage 3. The obtained 
kinetic parameters of stage 3 pyrolysis process are listed 
in Table S9.  It could be seen that the E(mean) of stage 3 
was 389.16 kJ/mol and the error rate respectively were 
7.70% and 7.70%, the LgA value was 29.49 min–1, the 
most mechanism function was Avrami-Erofeev equation. 
The reaction mechanism of stage 3 was AE3.

Analysis of stage 4
In the “pattern 3” of E-G(α) method, the E values of 

the three models were very closed, from 0.2–0.8 to about 
380–1100 kJ/mol. R2 values were relatively high, all above 
0.92. The average E values of three models were 572.65, 
586.25, 579.98 kJ/mol and the error rates were 1.22%, 
1.13%, and 0.04%, respectively (Table S10). There were 
also some special phenomena. The E values an overall 
increasing trend with the increase of the conversion rate, 
which hinted that this stage was a multi-step combina-
tion reaction. The fl uctuation difference of E value was 
743.89 kJ/mol. R2 ranged from 0.92 to 0.98. It can be 
seen in Fig. S10 that the fi tting curves were “parallel”. 

The E values of FWO, KAS and Starink models were 
respectively substituted into the equation (8) to obtain 
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initial stage which possibly was the volatilization stage. 
The mechanism functions of stage 3, 4 as the transition 
stage all were Avrami-Erofeev equation (n = 3, 4). The 
mechanism function of stage 5 was Reaction Order. The 
Stage 5 possibly was the cracking stage. The mechanism 
function of stage 6 was Avrami-Erofeev equation. The 
stage 6 possibly was the carbonization stage. The growth 
rate of each stage was about 100–200 kJ/mol proving 
that the chemical bond energy of each stage increases 
steadily with little interval. The values of R2 calculated 
by the C-R model were closer to 1 in all stages of the 
pyrolysis process compared with the ABSW model, which 
may deduce a result that the C-R model was more suit-
able for the kinetical analysis of the pyrolysis process of 
distillation residues. According to the analysis results, 
the calculation results of the kinetic parameters of the 
C-R, ABSW, FWO, KAS, Starink, and Popescu models 
were more suitable for analyzing the pyrolysis mecha-
nism of materials. Though the mechanism of pyrolysis 
at high temperature has been clarifi ed in detail, the 
data on by-products composition is indispensable due 
to the need for the combination of theory and practice 
(for example, harmful gases may be produced with the 
increase of temperatures, which needs effective measures 
to control34).

Mass spectrometry
Though high-temperature treatment of biopharma-

ceutical residues has not been reported, the effects of 

temperatures on changes in the gas composition were 
studied based on the pyrolysis of waste pharmaceutical 
blisters35. The data of by-products composition was ob-
tained using TG-MS in the work. The mass spectrometry 
data was acquired from the thermogravimetric gas prod-
ucts information at 10K heating rate. Three-dimensional 
mass spectrograms of different mass Numbers were 
presented in Fig. 6. During the pyrolysis process, the 
by-product concentration changes were obvious, which 
mainly concentrated in m/z = 10–50 (Fig. 6). As shown 
in Fig. 7(A), C2H4O (m/z = 44) were observed ranging 
from 393–773 K (stage 1, 2, 3). It could be seen from 
Fig. 7(B) that C2H6 (m/z = 30) was detected ranging 

Figure 7. Mass spectrum of major pyrolysis by-products for distillation residues (A), (B), (C), (D), (E) and (F)

Figure 6. Three-dimensional mass spectrograms of different 
mass Numbers
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from 393–1033 K (stage 1, 2, 3, 4). NH3 (m/z = 18) 
appeared ranging from 393–1123 K (stage 1, 2, 3, 4) 
(Fig. 7(C)). Fig. 7(D) displayed that CH4 (m/z = 16) and 
CO2 (m/z = 44) was detected in the temperature range 
of 843–1123 K (stage 4, 5). C2H4 (m/z = 28) appeared at 
973 K till the end, and showed an upward trend (stage 
5, 6) (Fig. 7(E)). Besides, C+ (m/z = 12) was monitored 
in all stages ranging from 393–1273 K and abruptly rose 
in 843–1273 K (stage 4, 5, 6) (Fig. 7(F)). Based on TG/
DTG curves, the pyrolysis path was divided into four 
stages. Firstly, distillation residues were heated that 
solids broke down and volatilized some organic matters 
(stage 1, 2). Secondly, some organics were still volatil-
izing while some cracking material had been produced 
(stage 3, 4). Thirdly, organic hydrocarbon chains were 
formed by material cracking (stage 5). Last, Organic 
matters were deeply carbonized (stage 6). The material 
pyrolysis path diagram is shown in Fig. 8. In addition, 
the analysis of by-product gases indicated that high-
temperature treatment technology should be properly 
improved in corrosion resistance due to the presence 
of ammonia and the capture, separation and purifi ca-
tion of alkanes should be considered at the end of the 
process highlighting the aim of cleaner production or 
sustainability, which avoids environmental hazards and 
maximizes the use of natural resources.

CONCLUSION  

In this paper, the effects of full-temperature windows 
on safe treatments of distillation organic kettle residues 
were fi rst researched for the aim of cleaner production 
or sustainability of the biological pharmaceutical factory 
in China. The possible mechanism of high-temperature 
degradation of the solid waste was analyzed by the 
combination of thermal analysis kinetics based on the 
multi-level comparison (“3-2-2” and “1+1” patterns) 
and gas by-products online monitoring using TG-MS.

 Results presented that the whole pyrolysis process 
was divided into low and high-temperature zones (six 
stages) based on characteristics of TG/DTG curves. 
Stage 1, 3 and 4 were calculated by multiple scanning 
mode (“3-2-2”) and stage 2, 5 and 6 matched single 
scanning mode (“1+1”). The E(mean) values of the six 
stages were 177.0, 176.0, 389.16, 625.82, 784.2, and 872.8 
kJ/mol, respectively, and the E gradually increased with 
increasing temperature, indicating that more energy was 
obtained to break more stable chemical bonds. LgA also 
showed the same trend due to the dynamic compensation 

effect (LgA (mean) = 27.28). “3-2-2” pattern errors were 
low ranging from 0.06% to 8.56% and the maximum 
total fl uctuation of “1+1” pattern was 33.7 indicating 
the reliability of the two patterns. Stage 1 and stage 2 
could be divided into the initial stage which possibly was 
the volatilization stage. Stage 3 and 4 are the transition 
stage, stage 5 may be the cracking stage, and stage 6 
may be the carbonization stage. The kinetic triplet of 
six stages of residues and a possible pyrolysis path at 
full temperatures windows were presented based on 
hierarchical comparison using seven models and small 
molecular gas by-products, which provides the theoreti-
cal basis for the establishment of standards involving in 
high-temperature safe treatment of distillation organic 
kettle residues.
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