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Abstract: Titanium tetrachloride (TiCl4) is an important intermediate material for the preparation of
titanium products. The organic impurities in TiCl4 are easily accumulated during the production
of titanium sponges due to the problems of imperfect detection methods and the lack of effective
control methods, resulting in a poor quality of sponge titanium. Among all impurities, chloroacetyl
chloride (CAC) is the most important in TiCl4. Herein, the determination of the CAC content in TiCl4
solution, with a low detection limit of 0.633 ppm, was established by the standard addition method
using Fourier transform infrared (FTIR) spectrometry. This test method presented good repeatability,
excellent accuracy, and moderate precision. Furthermore, the influencing factors of CAC separation
in the continuous rectification process, including the heating power (the ratio of total heating power
to feed rate), reflux temperature, top tower pressure, and feed temperature were optimized based
on an orthogonal experimental design. The experimental data demonstrated that the average CAC
removal rate reached 78.94% ± 1.00% under the optimal distillation conditions, with 72.21% of the
CAC removed via the off-gas system. Therefore, excellent control of the negative pressure of the tail
gas is highly desirable for the removal of CAC impurities.

Keywords: chloroacetyl chloride (CAC); TiCl4 solution; separation behavior; orthogonal design;
removal efficiency; Fourier transform infrared (FTIR) spectroscopy

1. Introduction

Titanium tetrachloride (TiCl4) is an important raw material for the production of
titanium dioxide (TiO2) and metallic titanium (Ti) [1–4]. Currently, the industrial produc-
tion of TiCl4 is mainly realized by the molten salt chlorination and fluid bed chlorination
processes [5,6]. However, TiCl4 products (crude TiCl4, CTT) cannot be directly applied to
produce TiO2 or metallic Ti due to the presence of impurities. Based on their boiling points,
the impurities in CTT can be divided into three categories: high-, low-, and close-boiling-
point compounds. High-boiling-point substances such as FeCl3 and AlCl3 can be removed
by distillation or sedimentation, whereas low-boiling-point substances such as SiCl4 can be
separated by rectification. The removal of close-boiling-point substances such as VOCl3
requires chemical reaction and purification under distillation conditions [7–10].

However, the traces of carbonaceous and oxygenic impurities such as chloroacetyl
chloride (CAC), dichloracetyl chloride (DCAC), trichloroacetyl chloride (TCAC), carbon
disulfide (CS2), titanium oxychloride (TiOCl2), and carbon dioxide (CO2) in purified TiCl4
are difficult to detect by the existing methods, because TiCl4 can easily react with moisture
in the air to form corrosive hydrogen chloride gas. These impurities are accumulated
during the production of Ti sponges and severely affect the product quality. Thus, it is
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necessary to strictly control the content of carbon and oxygen in purified TiCl4, requiring
the development of novel methods to detect the content of these impurities.

It has been reported that most carbonaceous and oxygenic impurities can be deter-
mined by infrared spectroscopy (IR). For instance, Bruno et al. [11] and Song et al. [12] have
employed IR to measure the content of TiOCl2 in TiCl4 solution. Similarly, the contents of
CO2, CAC, DCAC, and TCAS can also be determined by IR [13–15]. However, the IR-based
measurement systems are still disadvantageous in terms of device design and accuracy.
Moreover, the separation behavior and influencing factors of the impurities during the
purification process are still unclear.

Herein, we propose a simple and cost-effective CAC detection system, and evaluate the
separation behavior of CAC during refinement. The results reveal that the CAC content in
TiCl4 can be rapidly and accurately determined by Fourier transform infrared spectroscopy
(FTIR), and the major portion of CAC can be removed during the rectification process.
Under optimal processing conditions, the CAC impurities in purified TiCl4 were found to
be 7.16 ppm, making it a high-quality feedstock for the production of titanium sponges.

2. Experimental Section
2.1. Standard Sample Preparation

Firstly, 0.2 g of CAC (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was
weighed and added into 1000 g of TiCl4 (Analytical grade, Daomao Chemical Reagent
Factory, Tianjin, China) to prepare a standard solution with a CAC concentration of
200 ppm. Then, the as-prepared solution was diluted to the CAC concentrations of
6.25 ppm, 12.50 ppm, 25.0 ppm, 50 ppm, and 75 ppm, using pure TiCl4.

2.2. Determination of CAC in TiCl4 Solution

The sample cell was composed of a quartz tube, with an inner diameter of 8 mm and
a length of 50 mm, and two pieces of ZnSe window, each with a diameter of 10 mm and
a thickness of 2 mm. There were two thin tubes for both feeding and exhaust, each with
an inner diameter of 1 mm. Dried ZnSe windows were glued to both ends of the quartz
tube with AB glue, while ensuring the glue did not contaminate the sample. To prevent
the influence of AB glue on the test, excessive amounts of AB glue should not be used.
After natural drying for 30 min, 5 mL of as-prepared solution was added into the sample cell
to check for sealing. Since there was no leaking, 5 mL of as-prepared solution was further
added into the sample cell, and cotton balls were used to block the feeding and exhaust
ports to prevent hydrolysis; otherwise, the sample cell would have required modification.

The CAC content in TiCl4 solution was determined by Fourier transform infrared
spectrometer (FTIR, Nicolet iS50, Thermo Fisher Scientific, Massachusetts, USA), and data
processing was performed using OMNIC 8 software. The spectral resolution, data spacing,
and scanning range were 4 cm−1, 2 cm−1, and 1000–4000 cm−1, respectively. A background
scan was measured with the blank sample cell. Then, the IR spectra of different CAC
concentrations were determined. The schematic diagram of the equipment is shown
in Figure 1.

According to the Lambert–Beer law [16], the relationship between the characteristic
peak intensity and concentration of CAC can be given as:

A = εbc (1)

where A represents the characteristic peak intensity, ε denotes the absorption coefficient,
b refers to the length of sample cell, and c corresponds to CAC content.
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Figure 1. Schematic illustration of the chloroacetyl chloride (CAC) measurement equipment.

2.3. Separation of CAC Impurities

Distillation is an important and energy-consuming process used to separate liquid
mixtures. Herein, the removal of CAC impurities was carried out using an industrial-scale
rectification system. This equipment consisted of several major components, including an
evaporation tower, a rectification column, an air-cooling vessel, and a low-boiling distillate
(LBD) collecting tank. The holding capacity and installation power of the distillation tower
were 8.83 m3 and 1200 kW, respectively. The main purpose of the electric heater is to
form vertical upward steam during the rectification process. When the feed rate of TiCl4
reached 12 t/h, the heat power of the heater was controlled at 1200 kW, which means the
ratio of total heating power to feed rate was 100 kW t−1. The rectification column, with a
diameter of 1200 mm and a height of 15,740 mm, contained 44 pieces of sieving plates,
with the feeding port located on the 22nd plate. The air-cooling vessel, with an area of
32 m2, possessed a capacity of 2 m3. The schematic diagram of the equipment is shown in
Figure 2.

Figure 2. Schematic illustration of the TiCl4 rectification.

The boiling point of TiCl4 is higher than that of CAC, which is suitable for the dis-
tillation process. The separation coefficient of CAC to TiCl4, however, is relatively small
(3.8) [17,18]. Thus, it was necessary to estimate whether the sieving plates could meet the
requirements for CAC removal. Figure 3a shows that when the process of chlorination and
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purification remained stable, the CAC content in TiCl4 feed, distillate, and TiCl4 product
were 33.98 ± 0.15 ppm, 2485.87 ± 10.20 ppm, and 9.73 ± 0.11 ppm, respectively.

Figure 3. (a) The CAC content in different parts of the rectifying column and (b) the Gillian correlation diagram.

The reflux ratio and theoretical plate number of rectification column can be given
as [19,20]:

xF =
AF/MA

(AF/MA + BF/MB)
(2)

xD =
AD/MA

(AD/MA + BD/MB)
(3)

xW =
AW/MA

(AW/MA + BW/MB)
(4)

yF =
αxF

1 + (α − 1)xF
(5)

Rmin =
xD − yF
yF − xF

(6)

R = KRmin (7)

Nmin =
lg
((

xD
1−xD

)(
1−xW

xW

))
lgα

(8)

where xF, xD, and xW represent the mole fraction of CAC in TiCl4 raw material, distillate,
and TiCl4 product, respectively; AF, AD, and AW denote the mass fraction of CAC in
TiCl4 raw material, distillate, and TiCl4 product, respectively; AF, AD, and AW denote
the mass fraction of CAC in TiCl4 raw material, distillate, and TiCl4 product, respectively;
BF, BD, and BW refer to the mass fraction of TiCl4 in raw material, distillate, and product,
respectively; MA and MB denote the molar mass of CAC and TiCl4, respectively; yF
represents the mole fraction of CAC in the gas phase during the vapor–liquid equilibrium;
and α denotes the separation coefficient of CAC to TiCl4. K represents reflux excessive
coefficient, 1.5; Nmin denotes the minimum number of theoretical plates; R represents the
actual reflux ratio, and Rmin corresponds to the minimum reflux ratio.

Some calculation results for Equations (2)–(8) are shown in Table 1. Combining
these with the Gillian correlation diagram (Figure 3b), the theoretical plate number of the
rectification column is 7.31. On the basis of production experience [17], the plate efficiency
is approximately 0.25, and the total number of trays is 7.31/0.25 ≈ 30, which is much
less than 44. This suggests that the rectification column could satisfy the requirements of
production; however, distillation efficiency is low. In general, the removal efficiency of the
low-boiling-point substances, including CAC, is affected by the quality of raw materials,
feed rate, reflux ratio (the ratio of reflux flow to outlet flow on the top of the tower),
reflux pipe temperature, heating power, top pressure of the rectification tower, and feed
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temperature [21–24]. The reflux pipe temperature and top pressure were controlled by
the air-cooling vessel and the tail gas fan, respectively. Therefore, an orthogonal design,
based on an efficient, fast, and cost-effective experimental method [25], was employed to
investigate the removal efficiency of CAC. The whole test was designed with an orthogonal
array of L16 (45), which indicates that the experiment consisted of 4 levels, 5 factors, and
16 orthogonal tails (i.e., heating power per ton of TiCl4 (50, 65, 85, and 100 kW t−1), reflux
ratio (30%, 40%, 50%, and 60%), reflux temperature (90, 100, 110, and 120 ◦C), top pressure
of rectification tower (−2, 0, 2, and 4 kPa), and feed temperature (80, 95, 110, and 125 ◦C)).
Each group of experiments was stably operated for 8 h and samples were collected every 2 h.

Table 1. Some calculation results for the theoretical plate numbers.

Classification Calculation Results Classification Calculation Results

xF 5.707 × 10−5 Rmin 24.73
xD 4.168 × 10−3 R 37.10
xW 1.634 × 10−5 Nmin 4.15
yF 2.168 ×10−4 R−Rmin

R+1 0.32

As the CAC concentration of the LBD was very high, it was diluted twice with a
certain amount of pure TiCl4. The removal efficiency of CAC can be given as:

η =
w f − wr

w f
× 100% (9)

where η represents the removal efficiency, w f refers to the CAC content in the raw material,
and wr denotes the CAC content in the rectification product.

3. Results and Discussion
3.1. CAC Determination

In order to study the effect of CAC impurity on the color of TiCl4 solution, a certain
amount of CAC was added into pure TiCl4. It was found that the color of TiCl4 product
changed from transparent to yellowish after the addition of 1000 ppm CAC (shown in
Figure 4a). This suggests that CAC impurities have a significant impact on the color of
TiCl4 products, because CAC impurity has good chemical stability in TiCl4 solution and
does not decompose easily under ordinary light and heat conditions, as reported by Yang
et al. [11]. Figure 4b shows that the intensity of characteristic peaks, located at 1820 cm−1

and 1783 cm−1, increased significantly after the addition of CAC (200 ppm) into pure TiCl4.
However, the intensity of the peak at 1783 cm−1 is only 0.65 Abs, much smaller than that
of the peak at 1820 cm−1. This is because the first peak at 1820 cm−1 is the C=O stretching
vibration of CAC, while the second peak at 1783 cm−1 is the result of Fermi resonance
interaction between the C=O and =C-Cl stretching vibrations [26]. Hence, the peak at
1820 cm−1 was used as a characteristic peak for CAC detection.

Figure 5a presents the influence of CAC content on FTIR spectra. Overall, the in-
tensity of the characteristic peak, located at 1820 cm−1, increases with increasing CAC
content. Since the characteristic peak intensity of pure TiCl4 is close to zero (0.009 Abs),
all the determination results of CAC peak intensity are based on zero. The relationship
between the characteristic peak intensity and CAC concentration is presented in Figure 5b,
which shows that the CAC content (x) is linearly related to the characteristic peak intensity
(y), as given below:

y = 0.04081x − 0.11599; R2 = 0.990 (10)
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Figure 4. (a) Digital photographs and (b) FTIR spectra of TiCl4 before and after CAC addition.

Figure 5. (a) The changes in characteristic peaks of FTIR spectra with increasing CAC content and (b) the relationship
between the peak intensity and CAC content.

According to the Lambert–Beer law (Equation (1)), y ~ x should be a straight line
passing through the origin. However, the y-intercept value of −0.11599 indicates that other
impurities in pure TiCl4 may affect the results.

A TiCl4 sample containing 10 ppm of CAC, was prepared, and the measurements
were repeated 20 times to determine the detection limit. Figure 4 shows that the charac-
teristic peak intensity of CAC was relatively stable with increasing measurement times.
The fluctuation of the peak intensity values may have been caused by experimental error.
The detection limit of CAC can be calculated according to Equation (11) [27]:

CL =
3SD

X
C (11)

where CL represents the detection limit, SD refers to the standard deviation, C denotes the
CAC content in TiCl4, and X represents the average values of repeated measurements.

Based on Figure 6 and Equation (11), the detection limit of CAC was found to be
0.633 ppm. To determine the precision of the proposed method, three batches of production
samples were analyzed by FTIR. Table 2 shows that the relative standard deviation (RSD)
remained lower than 2%, which indicates good repeatability and moderate precision [28,29].
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Figure 6. The stability of the CAC determination system.

Table 2. The precision of CAC determination (n = 5).

Batch Number 1# (ppm) 2# (ppm) 3# (ppm) 4# (ppm) 5# (ppm) Mean Value (ppm) RSD (%)

No. 1 4.83 4.86 4.92 4.77 4.85 4.85 1.12
No. 2 12.48 12.3 12.41 12.35 12.55 12.42 0.80
No. 3 44.72 44.25 44.51 44.66 44.59 44.55 0.41

To further evaluate the accuracy of the detection limit, the standard addition–recovery
test was carried out using the refined TiCl4. The results are shown in Table 3, where the
mass ratio of the sample to the CAC standard solution was 1:1. The recovery of added
standard can be calculated via Equation (12):

η =
CAmA + CSmS
CD(mA + mB)

× 100% (12)

where η represents the recovery rate, CA denotes the mass fraction of CAC in TiCl4 standard
solution, mA refers to the added amount of CAC standard solution, CS represents the mass
fraction of TiCl4 sample, mA denotes the CAC sample weight, and CD corresponds to the
CAC content after addition of the standard solution.

Table 3. The standard recovery rate for CAC determination.

Batch Number Before Standard Solution
Addition (ppm)

CAC Content in Standard
Solution (ppm)

After Standard Solution
Addition (ppm) Recovery Rate (%)

No. 1 12.48 20.00 32.55 100.6
No. 2 18.43 30.00 49.40 105.3
No. 3 23.88 40.00 62.74 95.2
No. 4 35.69 50.00 84.46 96.6
No. 5 42.18 20.00 62.54 100.9
No. 6 51.82 20.00 73.21 102.7

It can be seen from Table 3 that the recovery rate of the standard addition–recovery
test ranged from 95.2% to 105.3%. Recovery rates exceeding 100% are most likely caused
by detection and operation error. Thus, this method has excellent accuracy [30].
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Table 4 shows the comparison results of CAC detection in TiCl4 between this work
and other literature reports. The correlation coefficient and detection limit in this work
are better than those reported by Yang et al [13], though both studies used the same
characteristic peak. However, the characteristic peak has obvious differences between IR
and FTIR, although the detection limits are close. The above results suggest that the CAC
determination method proposed in this work has good repeatability, excellent accuracy,
and moderate precision.

Table 4. Comparison of the CAC determination in TiCl4.

Linear Equation Correlation
Coefficient (R2)

Detection Limit
(ppm)

Characteristic Peak
Position (cm−1) Detection Method Ref.

y = −0.00001571x + 1.00001785946 0.8995 3.159 1820 FTIR [13]
- - 0.50 1802 IR [14]

y = 0.04081x − 0.11599 0.990 0.633 1820 FTIR this work

3.2. Factors Influencing CAC Removal

Table 5 shows the factors and levels of the orthogonal design of the experiment for
CAC removal efficiency. K1, K2, K3, and K4 are the average values of the specific removal
efficiency during different test conditions, and R corresponds to the extreme difference
analysis, where a large value of R represents the large contribution of a certain factor to CAC
removal efficiency and vice versa [31]. Table 4 shows that the CAC removal efficiency is
mainly influenced by the heating power, followed by reflux temperature, feed temperature,
and tower top pressure.

Table 5. L16 (45) orthogonal design of the experiment and results.

No.

Factors
CAC Removal
Efficiency (%)

Heating
Powder
(kWt−1)

Reflux Ratio
(%)

Reflux
Temperature (◦C)

Top Pressure of
the Rectification

Tower (kPa)

Feed Temperature
(◦C)

1 50 30 65 −2 80 65.23 ± 0.20
2 50 40 75 0 95 69.35 ± 0.15
3 50 50 85 2 110 75.37 ± 0.08
4 50 60 95 4 125 78.52 ± 0.18
5 65 30 75 2 125 68.40 ± 0.13
6 65 40 65 4 110 76.48 ± 0.11
7 65 50 95 −2 95 79.77 ± 0.19
8 65 60 85 0 80 80.05 ± 0.13
9 85 30 85 4 95 72.14 ± 0.12
10 85 40 95 2 80 76.30 ± 0.10
11 85 50 65 0 125 81.07 ± 0.11
12 85 60 75 −2 110 79.71 ± 0.14
13 100 30 95 0 110 76.43 ± 0.13
14 100 40 85 −2 125 80.00 ± 0.15
15 100 50 75 4 80 76.09 ± 0.12
16 100 60 65 2 95 78.69 ± 0.19
K1 72.117 70.550 75.368 76.177 74.417
K2 76.175 75.532 73.387 76.725 74.987
K3 77.305 78.075 76.890 74.690 76.998
K4 77.803 79.242 77.755 75.808 76.998
R 5.686 8.692 4.368 2.035 2.581
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Based on the range analysis, the influence of four factors on CAC removal efficiency
is shown in Figure 7. As shown in Figure 7a, the CAC removal rate in TiCl4 gradually
increased with the increase in heating power per ton of TiCl4. However, when the heating
power increased from 85 to 100 kW t−1, the average removal efficiency increased by only 0.5%.
Hence, the optimum heating power is 85 kW t−1. Figure 7b shows the effect of reflux ratio
on the CAC removal rate, which increased with increasing reflux ratio. However, note that
an excessively high reflux ratio inevitably reduces the distillation efficiency. When the reflux
ratio increased from 50% to 60%, the CAC removal rate exhibited a relatively small increase
of ≈1.2%. Thus, the optimal reflux ratio is 50%. Furthermore, Figure 7c shows that the
average removal efficiency of CAC initially increased with increasing reflux temperature,
followed by a gradual decrease. Herein, the minimum removal rate of CAC was found
to be 73.4% at the reflux temperature of 75 ◦C, which can be ascribed to gaseous SiCl4,
because a large amount of SiCl4 was removed from the raw material due to its low boiling
point (57.6 ◦C). However, the CAC removal rate increased with a further increase in reflux
temperature and reached 77.8% at 95 ◦C. Figure 7d shows that the CAC removal rate
remained constant when the tower top pressure was below zero. However, the CAC
removal rate decreased under positive pressure because the gaseous CAC overflow was
blocked. However, too small a negative pressure can increase TiCl4 loss and decrease TiCl4
yield. Thus, the optimal tower top pressure ranges from −2 to 0 kPa. Figure 7e shows that
the CAC removal rate gradually increased with the increase of feed temperature. However,
the increment was very small after 110 ◦C because the temperature was higher than the
boiling point of CAC (106 ◦C). Hence, 110 ◦C is the optimal feed temperature.

To verify the stability of optimal processing conditions, the stability experiment was
carried out at the heating power of 85 kW t−1, reflux ratio of 50%, reflux temperature of
95 ◦C, top tower pressure of −2 to 0 kPa, and feed temperature of 110 ◦C. Figure 8a shows
that the average removal rate of CAC from TiCl4 reached 78.94% ± 1.00% under optimal
distillation conditions. The relatively low CAC removal efficiency can be ascribed to the
fixed tray number in the continual rectifier. In addition, the CAC impurities are difficult
to separate from TiCl4 compared with other low-boiling-point impurities, such as SiCl4.
Figure 8b shows that the main outlet of CAC was the off-gas system, which could remove
72.21% of CAC impurities, followed by LBD. However, 21.06% of the CAC impurities
were still left in the end product. Therefore, the negative pressure of the tail gas should be
actively controlled for the efficient removal of CAC impurities.

Figure 7. Cont.
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Figure 7. The influence of different factors on CAC removal efficiency: (a) heating power, (b) reflux ratio, (c) reflux
temperature, (d) top pressure of the rectification tower, and (e) feed temperature.

Figure 8. (a) The stability of CAC removal efficiency and (b) distribution of CAC impurities during the rectification process.

4. Conclusions

The current study established a method for determining CAC content in TiCl4 solution
and demonstrated the separation behavior of CAC during rectification via FTIR analysis.
The results revealed that the characteristic IR peak of CAC was located at 1820 cm−1,
and the characteristic peak intensity (y) linearly increased with increasing CAC content
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(i.e., y = 0.04081x − 0.11599). Moreover, an orthogonal design of experiments was utilized
to investigate the CAC removal efficiency and obtain the optimal parameters. Herein,
the heating power of 85 kW t−1, reflux ratio of 50%, reflux temperature of 95 ◦C, top tower
pressure of −2 to 0 kPa, and feed temperature of 110 ◦C resulted in an average CAC
removal rate of 78.94% ± 1.00%, with 72.21% of CAC impurities removed via the off-
gas system. It is worth emphasizing that the negative pressure of the tail gas should be
controlled to achieve excellent CAC removal efficiency.
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