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Abstract 19 

A novel and highly sensitive sensor for gaseous n-hexane utilizing the 20 

sensing material Y2O3-Al2O3 (mass ratio of 2:1) has been developed 21 

based on the thermal desorption/cataluminescence (TD/CTL). Firstly, the 22 

cataluminescence characteristics of the above sensor have been 23 

investigated. Then, the optimal conditions of the developed sensor for the 24 

determination of n-hexane have been analyzed using response surface 25 

methodology (RSM). When the sensor was performed at the optimal 26 

catalytic temperature (Tc) of 200 
o
C and the wavelength of 400 nm, the 27 

linear range was 1.32-132 mg/m
3
 with the detection limit of 0.4 mg/m

3
. In 28 

addition, there was little to no response when contaminating volatile 29 

substances including benzene, toluene, chloroform, ethanol, and 30 

cyclohexane was passed through the sensor. This proposed 31 

TD/CTL-based n-hexane sensor shows high sensitivity, good stability, 32 

and rapid response and allows real time monitoring of n-hexane in air. 33 

 34 

1. Introduction 35 

Human exposure to n-hexane is relatively frequent as it is widely used 36 

in many industries as a solvent and thinner. However, occupational 37 

exposure to n-hexane may induce some neurotoxic effects; for example, 38 

n-hexane is metabolized to 2, 5-hexanedione, which is the neurotoxic 39 

agent and the indicator chosen for the biological monitoring of exposed 40 
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workers.
1-4

 In addition, as a major indoor and industrial air pollutant, 41 

n-hexane has been recommended as one of the eight representative indoor 42 

volatile organic compounds (VOCs). Recently, considerable effort has 43 

been made to protect against significant negative effects of air pollution 44 

to human health and the environment.
5-7

 Thus, the hazardous properties of 45 

n-hexane make monitoring it in air necessary and important. 46 

Thus far, the methods for determining n-hexane in air are mainly gas 47 

chromatography spectrometry (GC), gas chromatography-mass 48 

spectrometry (GC/MS) and cataluminescence (CTL.) However, GC
8
 and 49 

GC/MS
9
 are typically clumsy, complicated, and expensive to manufacture. 50 

Worse still, GC and GC/MS use poisonous carbonyl disulfide or benzene 51 

as the solvent, which do harm to human health. Recently, CTL has 52 

attracted widespread attention in the field of gas sensors owing to their 53 

advantages of simplicity, rapid response and solvent-free.
10-25

  54 

P. Yang, etc
13 

proposed a CTL-based n-hexane sensor, and the linear 55 

range of CTL intensity versus concentration of n-hexane was 776-23280 56 

mg/m
3
 with a detection limit of 155 mg/m

3
. However, the hygienic 57 

standard for n-hexane in air of residential area is 60 mg/m
3
 (GB 58 

18057-2000, China). Obviously, the sensitivity of CTL-based n-hexane 59 

sensor isn’t high enough, and this kind of n-hexane sensor is unsuitable 60 

for the quality monitoring of n-hexane in air. 61 

 Response surface methodology (RSM), a collection of mathematical 62 
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and statistical techniques, useful for analyzing the effects of several 63 

independent variables on the response, is the most popular optimization 64 

method and has been successfully used in chemical process.
26-28

 Herein, 65 

by using this method, the optimal conditions of the sensor for the 66 

determination of n-hexane were investigated.   67 

In this paper, a novel and highly sensitive n-hexane sensor utilizing the 68 

sensing material Y2O3-Al2O3 (mass ratio of 2:1) based on the thermal 69 

desorption/cataluminescence (TD/CTL) has been designed. γ-Al2O3 has 70 

been widely used as oxidic supports in some reports.
29-32

 However, thus 71 

far, to our knowledge, no reports on the use of Y2O3/Al2O3 as catalyst 72 

have been published so far. Moreover, we find that Y2O3-Al2O3 (mass 73 

ratio of 2:1) have shown the highest CTL intensity and better selectivity 74 

to n-hexane than other materials in our experiments. Furthermore, we 75 

have chosen an appropriate adsorbent (Tenax-TA) to improve the 76 

selectivity of this method. Using the adsorbent (0.12 g, in an adsorption 77 

tube) by air sampler, the trace n-hexane vapor in air is enriched. Owing to 78 

the tiny volume of the adsorption tube, the concentration of the desorbed 79 

n-hexane is much higher than former concentration in the air, so the 80 

sensitivity of TD/CTL-based sensor is much higher than CTL-based 81 

sensor, with a lower detection limit of 0.4 mg/m
3
 compared to that 82 

without adding TD (8 mg/m
3
). This TD/CTL-based n-hexane sensor is 83 

simple, and has no need of expensive instruments, which can be used for 84 
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safety control and air quality monitoring of the content of n-hexane in the 85 

workplace.  86 

2. Experimental  87 

2.1. Apparatus  88 

The morphologies and microstructures of the catalysts were 89 

characterized by scanning electron microscopy (SEM, Hitachi S-4800). 90 

X-ray power diffraction (XRD) experiment was carried out with a Rigaku 91 

D/Max Ultima Ⅲ X-ray diffractometer using Cu Kα radiation at an 92 

acceleration voltage of 40 kV and a current of 40 mA. The XRD data are 93 

scanned from 10° to 90° with the step size of 0.02°. The schematic 94 

diagram of the sensing system was similar to our previous work (Fig. 95 

1).
12

 Minitab software was used for the optimizing and analyzing of the 96 

obtained data. 97 

 98 

Fig. 1. 99 

 100 

2.2. Chemicals and regents  101 

Y2O3 was purchased from Shanghai Rich Joint Chemical Reagent CO., 102 

Ltd, China. γ-Al2O3 was purchased from Tianjin No.3 Chemical Reagent 103 

Factory, China. Tenax-TA, GC and GR 60/80 were purchased from CRS 104 

Company of America, and n-hexane (analytical grade) was purchased 105 

from Reagent Industry Company of East China, the glue used in the 106 
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preparation of sensing material was purchased from BoBo (YS-7001).  107 

2.3. Procedures  108 

A microsyringe was used to inject a certain volume of n-hexane (liquid 109 

state) into a 30 L container, placed for 20 min to complete gasification to 110 

simulate a certain concentration of n-hexane in air. Then, The adsorption 111 

tube (containing 0.12 g Tenax-TA) was used to absorb n-hexane at room 112 

temperature, desorbing the n-hexane adsorbed on surface of adsorbent by 113 

heating up at the thermal desorption temperature. Then, the carrier air 114 

took the desorbed n-hexane gas into the CTL chamber. Then n-hexane 115 

vapor was oxidized on the surface of the chosen sensing material at a 116 

certain temperature. Finally, the CTL intensity at a certain wavelength 117 

was measured by a BPCL Ultra Weak Chemiluminescence Analyzer. 118 

2.4. Preparation of sensing material 119 

Powder materials of TiO2, Y2O3, Y2O3-SiO2 (mass ratio of 1:1), 120 

Y2O3-Al2O3 (mass ratio of 3:1 and 2:1) and nanophase materials of Y2O3, 121 

Fe2O3 and Cr2O3 were examined as sensing materials, by grounding with 122 

mortar to make sure they mix well. 0.8 g of each material was weighed up. 123 

The glue (about 0.1 mL) was coated on the surface of the ceramics 124 

heating tube with a brush, and then the sensing material (with a thickness 125 

of 0.5 mm) was wrapped around the above ceramics heating tube, 126 

sintering the ceramics heating tube at 700 
o
C in the muffle for 2 h to 127 

obtain the sensing material. 128 
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2.5. Experimental design and data analysis 129 

As presented in Table 1, a central composite design (CCD) in the form 130 

of 2
3
 full factorial design was used, in which three independent variables 131 

were converted to dimensionless ones (x1, x2, x3),with the coded values at 132 

3 levels: -1, 0, +1. The predicted response (y) was therefore correlated to 133 

the set of regression coefficients (β): the intercept (β0), linear (β1, β2, β3), 134 

interaction (β12, β13, β23) and quadratic coefficient (β11, β22, β33). Herein, 135 

the Minitab software was used for regression and graphical analyses of 136 

the obtain data. 137 

y=β0+β1 x1+β2 x2+β3 x3+β12x1x2+β13x1x3+β23x2x3 138 

 139 

Table 1. 140 

 141 

3. Results and discussion 142 

3.1. Characterization of sensing material 143 

The morphology and structure of the catalysts were examined by SEM. 144 

Fig. 2 showed the sizes of Y2O3, Al2O3 were about 50 nm and 20 nm, 145 

respectively.  146 

 147 

Fig. 2. 148 

 149 

XRD results (Fig. 3) of the Y2O3/Al2O3 showed only peaks 150 
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corresponding to Y2O3 (highly crystalline C-type cubic Y2O3 , space 151 

group Ia3) but no crystalline bulk structures of interaction species 152 

involving yttria and alumina have been observed, as the low amorphous 153 

character of Al2O3 have not been deduced in the patterns. Results (Table 154 

2) found that Y2O3-Al2O3 (mass ratio of 2:1) showed the highest CTL 155 

intensity and better selectivity to n-hexane than other materials. Herein, 156 

alumina may play a primary role in enhancing the yttria dispersion to 157 

against thermal sintering of the mixture.
30

 On the other hand, Al2O3 158 

induces a modification of the electronic density of the aluminum and 159 

lanthanide cations, implying a change in the acid–base properties of the 160 

support surface.
34-35

  161 

 162 

Fig. 3 163 

 164 

Table 2. 165 

 166 

3.2. The CTL response profile  167 

The CTL intensity on the surface of these materials was determined at 168 

a flow rate of 300 mL/min, wavelength of 400 nm, catalytic temperature 169 

(Tc) of 200 
o
C, thermal desorption temperature (Td) of 250 

o
C, thermal 170 

desorption time (td) of 480 s, and adsorbent of Tenax-TA. The CTL 171 

response profile of n-hexane on the surface of sensing material was 172 
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studied by injection of three different concentrations of n-hexane vapor. 173 

As can been seen from Fig. 4, The CTL signal increased with the 174 

concentration of n-hexane but the profiles were similar to each other. The 175 

peaks of each curve appeared at 4 s after sample injection, which showed 176 

that this sensor had a rapid response time, and the half decay time of CTL 177 

intensity of each curve was about 3 s. 178 

 179 

Fig. 4. 180 

 181 

3.3. Fitting the model 182 

In this paper, response surface method (RSM) was used to find the 183 

optimal parameters of the actual test system. As the thermal radiation 184 

noise of ceramic heating tube increases with the increase of wavelength 185 

or temperature, signal to noise ratio (S/N) was used to represent the CTL 186 

intensity. In our experiments, the optimal conditions (for more details see 187 

ESI†) were the wavelength was at the minimum of 400 nm. So the 188 

parameters of thermal desorption temperature, thermal desorption time 189 

and flow rate were chosen to conduct response surface analysis and the 190 

simultaneous effect of the above parameters on CTL intensity was 191 

conducted (Fig 5). Herein, we take the simultaneous effect of thermal 192 

desorption temperature (Fig.5a) for example, the three-dimensional 193 

response surfaces which was constructed to illustrate the effects of the 194 
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thermal desorption temperature and chemical flow rate on the TCL 195 

intensity, showing the effect of the thermal desorption temperature and 196 

chemical flow rate showed significant effects on the response, namely, 197 

TCL intensity increased with increase of thermal desorption temperature 198 

from 220 to 250 
o
C, with a peak (higher than 8000 a.u.) at 250 

o
C and 199 

then decreased with the increase of temperature form 250 to 350 
o
C. As to 200 

chemical flow rate, the TCL intensity achieved the highest value (higher 201 

than 8000 a.u.) when the chemical flow rate was 300 mL/min. With the 202 

same analytical method to the data of the effect of thermal desorption 203 

time and flow rate (Fig.5b) and flow rate and thermal desorption 204 

temperature (Fig.5c) on the TCL intensity, in this experiment, the 205 

maximum TCL intensity (higher than 8000 a.u.) value was obtained at the 206 

parameter of the thermal desorption temperature of 250 
o
C, thermal 207 

desorption time of 480 s and flow rate of 300 mL/min. The statistical 208 

significance of the quadratic model was evaluated by the analysis of 209 

variance (ANOVA) as shown in Table 3, whose results revealed that this 210 

main effect was statistically significant at P-value of 0.000, which was 211 

smaller than the significant of 0.05, indicting high significant main effect 212 

of regression. Moreover, the lack off fit P-value was 0.517, indicting the 213 

regression equation was not lack off without the high order interaction 214 

effects. 215 

 216 
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Fig. 5. 217 

 218 

Table 3. 219 

 220 

The fit of the model was checked by the determination of coefficient 221 

(R
2
). In this case, the value of the determination coefficient (R

2
= 0.9996) 222 

indicated that only 0.04 % of the total variable was not explained by the 223 

model. The closer the R
2
 is to 1, the stronger the model and the better it 224 

predicts the response. The value of adjusted determination coefficient 225 

(adjusted R
2
 = 0.9987) is also high, showing a high significance of the 226 

model. The regression equation after the ANOVA gave the level of TCL 227 

intensity as a function of thermal desorption temperature, thermal 228 

desorption time and flow rate. By applying multiple regression analysis 229 

on the experimental data, the experimental results of the CCD design 230 

were fitted with a second-order full polynomial equation. The empirical 231 

relationship between TCL intensity (Y) and the three test variables in 232 

coded units obtained by the application of RSM is given by       233 

Y=2451.50−3.525x1−0.83889x2+4.14333x3+0.0018056x1x2+0.0221667234 

x1x3+ 0.00591667x2x3  235 

Minitab software was used for optimization and validation experiments, 236 

with the parameter of the thermal desorption temperature of 250 
o
C, 237 

thermal desorption time of 480 s and flow rate of 300 mL/min, 238 
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respectively. The optimal value of CTL intensity was 8109.67 239 

(desirability of 0.442381) and the experiment average value was 8104.4 240 

(n=5, RSD=1.23 %), in other words, the accuracy was 0.06 %. Through 241 

the validation experiments of the software, there value of desirability 242 

(95 %) showed that the value of the average of CTL intensity will fall in 243 

the range of (8008.78, 8210.56) and the value of CTL intensity will fall in 244 

the range of (7907.89, 8311.45), which was in agreement with the results 245 

of the experiments (n=11). 246 

3.4. Interference studies 247 

The same concentration of n-hexane (6.59 mg/m
3
) and the coexisted 248 

foreign substance (such as benzene, toluene, dimethylbenzene, 249 

formaldehyde, chloroform, ethanol, cyclohexane, methanol, acetaldehyde 250 

or ammonia) were tested under the optimized conditions described above. 251 

There was little to no response when contaminating volatile substances 252 

including benzene, toluene, chloroform, ethanol, and cyclohexane is 253 

passed though the sensor. In addition, when the concentrations of the 254 

contaminating volatile substances were increased to 10 times, there was 255 

also little to no response.  256 

3.5. Analytical characteristics 257 

Under the selected conditions describes above, the regression equation 258 

of CTL intensity versus n-hexane vapor concentration was linear in the 259 
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range of 1.32-132 mg/m
3
, with a detection limit of 0.4 mg/m

3
. As shown 260 

in Fig. 6. The linear equation is I =707.86 C+1902.9 (r = 0.9976), where I 261 

is the relative CTL intensity, C is the concentration of n-hexane and r is 262 

correlation coefficient. The relative standard deviation (RSD, n = 11) is 263 

5.88 % for 6.59 mg/m
3
 n-hexane vapor.  264 

 265 

Fig. 6. 266 

 267 

3.6. Lifetime of the gas sensor 268 

The sensor can continuously work for 100 h without significant 269 

decrease of the CTL intensity, which indicated the satisfactory stability 270 

and durability of the Y2O3-Al2O3 (mass ratio, 2:1) based sensor. 271 

3.7. Sample analysis 272 

In order to evaluate the validity of the proposed sensor for 273 

determination of n-hexane, classic thermal desorption gas 274 

chromatography (GBZ/T 160.38-2004) was carried out for comparison. 275 

The results are listed in Table 4, which was in agreement well with that 276 

obtained by gas chromatography.  277 

 278 
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Table 4. 279 

 280 

In order to evaluate the analytical application of the proposed sensor 281 

for determination of n-hexane, three mixed samples containing known 282 

concentrations of n-hexane, formaldehyde, ammonia and benzene have 283 

been analyzed under the optimized conditions. As formaldehyde, 284 

ammonia and benzene are the common organic compounds which may 285 

coexist with n-hexane in air, they have been chosen in the mixed samples. 286 

To acquire the accurate analysis results, the calibration curve was under 287 

the same sampling condition as the sample analysis. As shown in Table 5, 288 

sample 1 and 2 was the mixture of n-hexane, formaldehyde and ammonia, 289 

sample 3 was a mixture of n-hexane, formaldehyde and benzene. And 290 

good selectivity was obtained in these three samples (Table 5). 291 

 292 

Table 5. 293 

 294 

4. Conclusions 295 

In conclusion, the TD/CTL-based n-hexane sensor by using 296 

Y2O3-Al2O3 (mass ratio, 2:1) as sensing material has been proposed in 297 

this paper. By adding the TD, the sensitivity of the sensor is improved 298 

about 20 times, that is, with a lower detection limit of 0.4 mg/m
3
 299 
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compared with that of without adding TD (8 mg/m
3
). In addition, 300 

response surface methodology (RSM) was used to study the optimal 301 

conditions of the developed sensor for the determination of n-hexane and 302 

the results were in agreement with that of the experiments. The regression 303 

equation of TD/CTL intensity versus n-hexane vapor concentration is 304 

linear in the range of 1.32-132 mg/m
3
, which demonstrates that TD/CTL 305 

shows a higher sensitivity and a better selectivity. The TD/CTL-based 306 

sensor proposed here has the unique properties of high sensitivity rapid 307 

response and satisfactory durability, indicating that this kind of sensor 308 

will have a bright future for various VOCs determination in 309 

environmental monitoring. 310 
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Figure captions 408 

 409 

Fig. 1 Schematic diagram of the TD/CTL sensing system. 410 

Fig. 2 SEM images of (a) Y2O3 and (b) Al2O3. 411 

Fig. 3 X-ray powder diffraction pattern of Y2O3-Al2O3 (mass ratio of 2:1). 412 

Fig. 4 CTL response profiles of three different concentrations of n-hexane 413 

vapor (400 nm, Tc: 200 
o
C, Td: 250 

o
C, td: 480 s, Tenax-TA).  414 

Fig. 5 Response surface plots for the effect of (a) thermal desorption 415 

temperature (
o
C) and thermal desorption time (s); (b) thermal 416 

desorption temperature (
o
C) and flow rate (mL/min); (c) 417 

thermal desorption time (s) and flow rate (mL/min). 418 

Fig. 6 The calibration curve for n-hexane. 419 

 420 

Table captions 421 

Table 1. Experimental ranges and levels of the independent variables. 422 

Table 2. The CTL intensity of n-hexane on the surface of different 423 

materials.  424 

Table 3. Regression analysis using the 2
3
 factorial central composite 425 

design. 426 
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Table 4. The on-line analyses of n-hexane vapor samples. 427 

Table 5. The analysis of n-hexane vapour samples. 428 

 429 
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Figure captions 

Fig. 1 Schematic diagram of the TD/CTL sensing system. 

Fig. 2 SEM images of (a) Y2O3 and (b) Al2O3. 

Fig. 3 X-ray powder diffraction pattern of Y2O3-Al2O3 (mass ratio of 2:1). 

Fig. 4 CTL response profiles of three different concentrations of n-hexane 

vapor (400 nm, Tc: 200 
o
C, Td: 250 

o
C, td: 480 s, Tenax-TA).  

Fig. 5 Response surface plots for the effect of (a) thermal desorption 

temperature (
o
C) and thermal desorption time (s); (b) thermal 

desorption temperature (
o
C) and flow rate (mL/min); (c) 

thermal desorption time (s) and flow rate (mL/min). 

Fig. 6 The calibration curve for n-hexane. 
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Fig. 1 Schematic diagram of the TD/CTL sensing system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 23 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 2 SEM images of (a) Y2O3 and (b) Al2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 24 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 3 X-ray powder diffraction pattern of Y2O3-Al2O3 (mass ratio of 2:1). 
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Fig. 4 CTL response profiles of three different concentrations of n-hexane 

vapor (400 nm, Tc: 200 
o
C, Td: 250 

o
C, td: 480 s, Tenax-TA). 
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Fig. 5 Response surface plots for the effect of (a) thermal desorption 

temperature (
o
C) and thermal desorption time (s); (b) thermal desorption 

temperature (
o
C) and flow rate (mL/min); (c) thermal desorption time (s) 

and flow rate (mL/min). 
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Fig. 6 The calibration curve for n-hexane. 
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Table captions 

Table 1. Experimental ranges and levels of the independent variables. 

Table 2. The CTL intensity of n-hexane on the surface of different materials. 

Table 3. Regression analysis using the 2
3
factorial central composite design. 

Table 4. The on-line analysis of n-hexane vapour samples. 

Table 5. The analysis of n-hexane vapour samples. 
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Table 1. Experimental ranges and levels of the independent variables. 

Independent variables   Range and level   

  -1 0 1 

Thermal desorption temperature (
o
C) (x1) 220 250 280 

Thermal desorption time (s) (x2) 420 480 540 

Flow rate (mL min
-1
) (x3) 250 300 350 
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Table 2. The CTL intensity of n-hexane on the surface of different materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials 

(mass ratio) 

Y2O3-Al2O3 

(3:1) 

Nano- 

Cr2O3 

Y2O3 

 

Y2O3-SiO2 

(1:1) 

Y2O3-Al2O3 

(2:1) 

Nano- 

Y2O3 

TiO2 Y2O3-SiO2 

(3:1) 

Nano- 

Fe2O3 

S/N 2.53 0 2.84 2.43 5.92 2.57 0 2.41 0 
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Table 3. Regression analysis using the 2
3
factorial central composite design. 

Model term effect Coefficient estimate F-Value p-Value 

Intercept   5141.75 264.86 0.000  

x1 239.50  119.75 6.17 0.009 

x2 166.50  83.25 4.29 0.023 

x3 1252.50  626.25 32.26 0.000  

x1*x2 6.50  3.25 0.17 0.031 

x1*x3 66.50  33.25 1.71 0.018 

x2*x3 35.50  17.75 0.91 0.024 
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Table 4. The on-line analysis of n-hexane vapour samples. 

Sample No.  
TCL method                       

(mg/m3, n=5) 
 

RSD              

(%, n = 5) 
 

GC Standard methods               

(mg/m3, n=5) 

RSD              

(%, n = 5) 

1  3.96  3.42  4.06  4.33 

2 
 

6.59 
 

2.78 
 

6.48 3.22 

3  21.76  4.75  21.93 3.16 
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Table 5. The analysis of n-hexane vapour samples. 

Sample    Composition      Standard values    Measured values    n-Hexane 

No.                         (mg/m3)        (mg/m3, n=5)       Recovery (%)       

1         n-Hexane            21.97         21.24 ± 0.48         96.70        

          Formaldehyde         1.29                  

          Ammonia             0.73          

                 

2         n-Hexane            21.97         21.47 ± 0.53         97.72 

          Formaldehyde         2.58                

          Ammonia             1.46               

 

3         n-Hexane            21.97         20.03 ± 1.20         91.12 

          Formaldehyde         1.29                

          Benzene              2.93          
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