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Abstract

Chlorinated organic residual liquid is produced from the distillation process of new refrigerants
production. It is difficult to be treated by traditional water treatment process and incineration
process. In this study, a carbonization process at atmospheric pressure was used to convert this
residual liquid to carbonaceous product and organic gas in 2 h at 230°C or 260°C. The carbona-
ceous product was characterized by scanning electron microscope, Fourier-transform infrared
spectrometer and thermo gravimetric analysis. The element composition and the high heat value
of these products were similar to anthracite and lignite, respectively, showing that they could be
used as alternative fuels. The components of organic gas were analyzed using gas chromatogra-
phy-mass spectrometry and the gas had potential for incineration.
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1. Introduction

Montreal Protocol on the ozone-depleting substances has great effects on the refrigerant substitution process [1].
However, chlorinated organic residual liquid is produced from the distillation process of new refrigerant produc-
tion. With complicated organic matter composition, deep brown color and pungent odor, this residual liquid
consists entirely of organics and contains no water. The disposal of the residual liquid has become a bottleneck
of new refrigerant development.
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Low concentration chlorinated organic compounds in water environment can be degraded by microorganism
[2] [3], oxidation [4] and reduction [5]-[7] process. And high concentration organic residual liquid is often
treated by incineration process [8] [9]. However, the practice of a fluorine chemical industry company showed
that incineration process was impeded by the agglomeration of this residual liquid on the spray nozzle. The re-
sidual liquid may be burning by other incineration methods, for example, rotary kiln technology [10]. But the
incineration also causes problems of high cost, serious secondary pollution and waste of resources.

Hydrothermal carbonization (HTC) is a thermochemical process converting organic feedstock into carbona-
ceous product under moderate temperatures (180°C - 350°C) and autogenous pressures in the presence of water
[11]-[13]. For the chlorinated organic residual liquid, HTC process has several disadvantages, including high
reaction pressure (4 MPa), large dosage of additives and long reaction time (12 h). In addition, it is found that
some volatile compounds in raw residual liquid and the intermediate product are difficult to be carbonized in the
closed experimental system of HTC process, and these volatile compounds may even affect the reaction
proceeds [12].

In this study, a carbonization process at atmospheric pressure was used to treat this residual liquid to recovery
carbonaceous product in short time without additives. The carbonaceous product was evaluated as an alternative
fuel. The released gas was collected for incineration.

2. Experimental
2.1. Experimental Materials

The residual liquid was obtained from Juhua Group Corporation in Zhejiang, China. All chemicals applied in the
framework of this contribution were reagent or analytical grade, and were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). The reactor is Micro intelligent high pressure reaction kettle YZPR-100 purchased
from Shanghai Yanzheng Experiment Instrument Co., Ltd. (China).

2.2. Experimental Method

Figure 1 shows the schematic diagram of experimental set-up. The reactor is made of stainless steel. The lined
has a 45 mm internal diameter and 85 mm height (Volume is 100 ml.) and is made of Teflon. The reactor is
heated by electricity and the temperature is controlled by a temperature control system. The system pressure is
monitored by a pressure gauge. Gas absorption device consists of two conical flasks and the absorbing liquid is
ethyl acetate.

In each batch experiment, 22.5 g (15 mL) of residual liquid was put into the reactor. The reactor was heated to
the desired reaction temperature (230°C or 260°C) with a heating rate of 10°C/min. The reaction temperature
was maintained until there was no gas to release and reaction time (about 2 h) was recorded. Afterward, the
reactor was cooled to room temperature and then the carbonaceous product was obtained. The products at 230
and 260°C were marked as S230 and S260, respectively. The released gas was absorbed and its organic compo-
nents were analyzed using gas chromatography-mass spectrometry (GC-MS).

Figure 1. Schematic diagram of experimental set-up. 1—reactor; 2—
temperature control system; 3—gas absorbing device.
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The yield of product was calculated using the following equation.

Carbon aceous product weight
Residual liquid weight

Carbon aceous product yield (%) = x100 %

2.3. Characterization Methods

Surface morphology was examined by scanning electron microscope (SEM) (HITACHI S-3400, Japan). Surface
functional groups were analyzed by Fourier-transform infrared spectrometer (FTIR) (Nicolet AVATAR 370,
USA). The elemental composition was determined using elemental analyzer (vario EL cube 111, Germany). Test
methods for moisture, ash, volatile matter (VM) and fixed carbon (FC) were based on proximate analysis of coal
(GB212-91, China). Thermogravimetric analysis (TGA) was carried out by thermogravimetric analyzer (STA
PT-1000, Germany). The organic components of the residual liquid and gas were analyzed using GC-MS
(SHIMADZU QP-2010, Japan).

3. Results and Discussion
3.1. Characteristics of the Carbonaceous Products

3.1.1. Carbonaceous Product Yield

The carbonaceous product yields of S230 and S260 were 31.93 and 14.04 wt%, respectively, showing that high
temperature led to a significant reduction in carbonaceous product yield. The yield decreases as the temperature
rises. Presumably, more amount of gas may release at higher temperatures.

3.1.2. SEM

Figure 2 shows the surface morphologies of the carbonaceous products with different carbonization tempera-
tures. It was seen in Figure 2 that the morphology of the two samples were dense massive structure without po-
resor pathways. However, some parts of S230 exhibited fibrous and flaky structures and these structures disap-
peared at higher temperature as showed in the image of S260. Some lines were found on the surface of the two
samples and implied that the carbonaceous product formed layer by layer.

In the traditional HTC process, the structure of hydrochar was related to the water-solubility of feedstock. For
water-soluble feedstock, hydrochar tends to be spherical particles, such as cellulose [14]. For water-insoluble
feedstock, hydrochar tends to keep the original structure, such as lignin [15]. The residual liquid was water-in-
soluble, which caused that the carbonaceous product tended to form blocks.

3.1.3. FTIR Spectra
Various functional groups of the resulting carbonaceous products were characterized by FTIR. Figure 3 shows

¥
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Figure 2. Photograph and SEM images of S230 and S260.
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Figure 3. FTIR spectra of the residual liquid, S230 and S260.

the FTIR spectra of the raw residual liquid, S230 and S260. Compared to the raw residual liquid, the carbona-
ceous products exhibited significant different absorption bands.

The band at 3400 cm* was attributed to -OH stretching vibration in hydroxyl groups. The band at 1614 cm™
implied the stretching vibration of -C=0 in ketone and amide groups [16]. This is probably related to the intro-
duction of oxygen functional groups in the carbonization process. Small amount of air in the reactor may partic-
ipate in oxidation. Another important reason is that carbon atoms at the defect sites of carbon materials are
highly active. After annealing and decomposition at high temperature to lose their covalent bonds, they rapidly
capture oxygen from air environment under room temperature to form various types of oxygen groups [17].
Asymmetric and symmetric -C-H stretching of methylene groups were identified at 2956 cm *and 2844 cm™*
[18], respectively. The peak at 1549 cm™ was assigned to the -C=C stretching in aromatic ring carbons and it
increased after the carbonization. In addition, the increase peak of $230 and S260 at 910 cm™* was attributed to
the out-of-plane bending vibration in aromatic nucleus -CH structure, which suggested that more aromatic
compounds generated during the carbonization.

3.1.4. Ultimate Analysis

The ultimate analysis of the residual liquid, S230 and S260 are listed in Table 1. By comparing the residual lig-
uid, C content of S230 and S260 increased from 22.05 to 49.93 and 60.42 wt%, respectively, showing that C
was enriched in the carbonization process. ClI content of S230 and S260 decreased from 75.44 to 43.03 and
33.00 wt%, respectively, suggesting the dechlorination in the carbonization process. C content of S260 was
higher than that of S230 and CI content of S260 was lower than that of S230, showing that S260 was better than
S230 as fuel. O content of S230 and S260 increased from 0.00 to 5.17 and 4.51 wt%, respectively, proving that
oxygen functional groups were formed [17].

Figure 4 indicates the classification of the carbonaceous product as a solid fuel based upon Van Krevelen
diagram [19]. For comparison, H/C vs. O/C atomic ratios of the residual liquid, anthracite, bituminous, lignite,
and peat were also plotted in the Van Krevelen diagram. S230 and S260 were approaching the region of
anthracite and bituminous respectively, implying that their element compositions were similar to anthracite and
bituminous, respectively.

3.1.5. Proximate Analyses

Table 2 presents the proximate analyses and the high heat values (HHV) of S230 and S260. The fuel ratio
(FC/VM) ranks carbonaceous product as an alternative fuel. Channiwala and Parikh [20] have developed a uni-
fied correlation to predict HHV of solid fuel expressed by elemental composition:

HHV = 0.349C +1.1783H +1.005S —0.10340 —0.0015N —0.0211A(MJ/kg)
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Figure 4. Van Krevelen diagram for the residual liquid, S230 and S260.
Table 1. Ultimate analysis of the residual liquid, S230 and S260.
Residual liquid S230 S260
C 22.05 49.93 60.42
H 2.15 1.48 1.29
Ultimate analysis (wt%) o} 0.00 5.17 451
N 0.36 0.39 0.78
Cl 75.44 43.03 33.00
H/IC 117 0.36 0.26
Atomic ratio
o/C 0 0.08 0.06
Table 2. Proximate analyses and combustion heat of S230 and S260.
Proximate analysis (wt%, db) Fuel ratio HHV
Moisture Ash VM FC (FCIVM) (MJ/kg)
S230 151 1.08 51.94 45.47 0.88 18.68
S260 3.13 1.78 37.35 57.74 154 22.19

where C, H, S, O, N and A represent the mass percentages on dry basis of carbon, hydrogen, sulfur, oxygen, ni-
trogen and ash contents of fuels, respectively.

Moistures of S230 and S260 were low, because they were obtained from an open system at high temperature.
FC/VM and HHV of S260 was higher, which revealed that S260 had a better rank as an alternative fuel. How-
ever, Ash of S260 was higher due to the release of more volatile components of the raw residual liquid at higher
temperature.

3.1.6. Combustion Behavior Analysis
Figure 5 illustrates the combustion profiles of the carbonaceous products. For a better evaluation of the different
combustion behaviors, the entire combustion profile was divided into several stages according to the rate of
weight loss in the DTG curve [21]. Table 3 lists the combustion stages, characteristic temperatures and residue
of the carbonaceous product.

As shown in Figure 5, the weight loss of S230 and S260were in the temperature range of 79°C - 587°C and
87°C - 628°C, respectively. A peak was exhibited in Stage due to lose of moisture content.

Stage E of S230 and S260 were in the temperature range of 79°C - 385°C and 87°C - 371°C, respectively.
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Figure 5. TG-DTG curves for combustion profiles of S230 (a) and S260 (b). Notes, temperature range, 20°C - 800°C; heat-
ing rate, 20°C/min; air flow rate, 20 mL/min; an atmospheric pressure.

Table 3. Combustion stages, characteristic temperatures and residue of the carbonaceous products.

Characteristic temperatures

Stage D (°C) Stage E (°C) Stage F (°C) Residue (wt%)
Ti (°C) Tm (°C) Ty (°C)
S230 ~79 79 - 385 385-588 201 507 587 1.14
S260 ~87 87-371 371-628 412 515 628 2.97

Notes: Stage D—Dehydration process, Stage E—Devolatilization and combustion phase, Stage F—Char combustion phase, Last stage—Burnout
phase, Ti—Ignition temperature, T,—Maximum combustion rate temperature, T,—Burn out temperature (Ty).

S230 had a distinct peak, which was due to the loss of high VM of S230. But S260 did not have the stage F of
S230 and S260 products took place in the temperature range of 385°C - 588°C and 371°C - 628°C for the further
release of VM and char combustion, respectively [22] [23].

In Table 3, T; refers to the temperature at which fuels begin to burn. T; is a critical parameter to minimize fire
and explosion as solid fuel [22]. T, corresponds to DTG peak temperature. T, refers to the temperature at which
the rate of weight loss diminishes to 1 wt%/min at the end of the combustion profile.

T; of S260 had a great increase of 211°C, which implied more difficulty for ignition. This can be explained by
the decrease of VM [23]. T, of S230 and S260 were similar. Therefore, they needed similar reaction time to
achieve the maximum decomposition rate. Especially, T, of S260 was increased by almost 41°C, which implies
that it had a higher HHV and needed longer reaction time to achieve the complete combustion.

3.2. Released Gas Composition

The organic components of the residual liquid, gases releasing at the temperature of 230°C and 260°C were ana-
lyzed by GC-MS, as shown in Table 4.

The residual liquid consisted of 3,3,6,6,9,9,12,12-octachloropentacyclo[9.1.0.0(2,4).0(5,7).0(8,10)] dodecane,
endosulfan 11, 1,1,2,3,3-pentachloro-propane, 1,2,3,3-tetrachloro-1-propene and 1,1,1,2,2,3,3,3-octachloropro-
pane. Endosulfan Il was not detected at 230°C but it was detected at 260°C, implying that they began to evapo-
rate at 260°C. 1,1,2,3,3-Pentachloro-propane was not detected at 230°C and 260°C, showing that it did not eva-
porate at 230 and 260°C. At 230°C, the components of the released gas not only came from organics in residual
liquid, but also the newly generated products. For example, carbon tetrachloride, 1-chlorobutane and methyl-
3-(dichloromethyl)-4,4-dichloro-2-butenoate generated in the dechlorination process. At 260°C, more new
products generated, for example, dicyclopenta-2,4-dienyl-german (l1), 1,1,4-trichloro-1,2-butadiene and trichlo-
romethane. Some components were detected at 230°C but they were not detected at 260°C, for example, 1-
chlorobutane, 2,4,6-trichlorobenzonitrile and 9-chloro-bicyclo[6.1.0]nona-1(8),2,4,6-tetraene, showing that their
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Table 4. The organic components of the residual liquid, gases releasing at the temperature of 230°C and 260°C.

Residual liquid 230°C 260°C
3,3,6,6,9,9,12,12-Octachloropentacyclo [9.1.0.0(2,4).0(5,7).0(8,10)] dodecane 46.86 38.75 33.84
Endosulfan Il 42.30 n.d. 0.22
1,1,2,3,3-Pentachloro-propane 419 n.d. n.d.
1,2,3,3-Tetrachloro-1-propene 3.45 18.41 20.45
1,1,1,2,2,3,3,3-Octachloropropane 3.20 5.55 5.78
Carbon tetrachloride n.d. 2.61 2.44
1-Chlorobutane n.d. 1.23 n.d.
Methyl-3-(dichloromethyl)-4,4-dichloro-2-butenoate n.d. 18.22 20.58
1,1,2,5,6,6-Hexachloro-1,5-hexadien n.d. 4.95 4.80
2,4,6-Trichlorobenzonitrile n.d. 1.81 n.d.
3-(2,6-Dichlorophenoxy)prop-1-yne n.d. 1.42 2.17
2-Chlorophenyl isothiocyanate n.d. 1.05 0.90
1,1,4,4-Tetrachloro-1,3-butadiene n.d. 0.94 1.19
Chlorobenzene n.d. 0.71 1.06
1,2,3,4-Tetrachloro-butane nd. 0.68 0.13
3,3,6,6,11,11-Hexachlorotetracyclo [8.1.0.0(2,4).0(5,7)]undec-8-ene n.d. 0.63 1.00
1,1,2,3-Tetrachloro-propane n.d. 0.60 0.71
3,3,3-Trichloro-2-methyl-1-propene n.d. 0.49 0.55
1,3,5-Trichloro-benzene n.d. 0.47 0.36
1,2,2,4-Tetrachloro-butane n.d. 0.38 0.00
1,2,3-Trichloro-1-propene n.d. 0.25 0.38
1,3-Dichloro-benzene n.d. 0.22 0.58
1,2-Dichloro-benzene n.d. 0.22 0.21
Trichloroethylen n.d. 0.19 0.49
9-Chloro-bicyclo[6.1.0]nona-1(8),2,4,6-tetraene n.d. 0.11 n.d.
1,1,1,3-Tetrachloro-propane n.d. 0.09 n.d.
3,4-Dimethyldihydrofuran-2,5-dione n.d. n.d. 0.87
Dicyclopenta-2,4-dienyl-german (I1) n.d. n.d. 0.29
1,1,4-Trichloro-1,2-butadiene n.d. n.d. 0.29
Trichloromethane n.d. n.d. 0.28
Pentachlorofluoro-benzene n.d. n.d. 0.17
1,1,3,4-Tetrachloro-1,3-butadiene n.d. n.d. 0.14
1,2,4-Trichloro-benzene n.d. n.d. 0.12

n.d.: not detectable (below detection limit).
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further reaction occurred at the high temperature. These releasing released gases had potential for incineration
without the agglomeration on the spray nozzle.

4. Conclusion

The residual liquid was effectively converted to carbonaceous products. The carbonaceous products could be
used as an alternative fuel. The element compositions of S230 and S260 were similar to those of anthracite and
bitumen, respectively. Different reaction temperatures had an obvious effect on the yield and quality of carbo-
naceous products. At 260°C, the carbonaceous product yield was low, but its HHV was high. The released gas
could be incinerated without the agglomeration.
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