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The breakthrough curve combination for xenon sampling dynamic in 

a carbon molecular sieve column  

Liu Shu-jiang∗, Chen Zhan-ying, Chang Yin-zhong, Wang Shi-lian, Li Qi, Fan Yuan-qing, Jia Huai-
mao, Zhang Xin-jun, Zhao Yun-gang 
CTBT Beijing National Data Centre and Radionuclide Laboratory, Beijing 100085, China 

ABSTRACT: In the research of xenon sampling and xenon measurement, the xenon breakthrough curve plays a sig-
nificant role in the xenon concentrating dynamics. In order to improve the theoretical comprehension of xenon concen-
trating procedure from the atmosphere, method on the breakthrough curve combination for sampling techniques should 
be developed and investigated for pulse injection condition. In this paper, we describe xenon breakthrough curve in a 
carbon molecular sieve column, the combination curves method for five conditions are shown and debated in detail; 
the fitting curves and the prediction equation are derived in theory and verified by the designed experiments. As a con-
sequence, the curves of the derived equation are well agreement with the fitting curves by tested. The retention time of 
the  xenon in the column are 61.2, 42.2 and 23.5 at the flow rate of 1200, 1600 and 2000 mL/min respectively, but the 
breakthrough time are 51.4, 38.6 and 35.1 min.  
 
Keywords: curve combination, sampling dynamic, carbon molecular sieve, packed column. 
 
1 Introduction  

The compound breakthrough curve combinations, which include the adsorption and desorption, are 
important for theoretical prediction of the dynamics behavior on its separation and preparation technol-
ogy. In order to demonstrate the dynamic behavior of the compound’s adsorption, the ideal adsorbed 
solution theory (IAST) was developed under several assumptions for binary system, and four types of 
the adsorption isotherm was shown in much research [1, 2]. Similarly, some researchers used the IAST 
and Monte Carlo simulation methods to evaluate the design of Metal−Organic Framework Material [2, 3]. 
Using IAST calculation, the adsorption capacity of one component was also predicted precisely and the 
components selectivity was obtained under ideal conditions [4, 5]. As an alternative to the adsorption 
measurement, the breakthrough curve fitting was an indispensable method to evaluate one component 
adsorption capacity within two or more compounds [6, 7]. Furthermore, the breakthrough experiment was 
an effective tool to compare the material adsorption performances for practical sampling application 

[8~11].   
Xenon, one of the noble gases, is a valuable commodity for its comprehensive applications in op-

tics, illumination, medical science and nuclear technology [10~13]. As of 1996, the comprehensive nucle-
ar-test-ban treaty (CTBT) was adopted for decades and xenon was also extendedly regarded as excellent 
“fingerprint” isotopes to monitor the nuclear test affairs [8, 10,14]. In order to improve the xenon monitor-
ing level, some technologies on xenon sampling and xenon measurement were applied and developed, 
and gas chromatography was a classical method which was used to obtain xenon from ambient atmos-
phere [9]. While tremendous effort has been made on xenon sampling, transferring and purification over 
the last several decades, it remains some challenge to enrich xenon from ambient atmosphere, especially 
for the dynamics or mechanics of the xenon sampling [6~7, 15]. Xenon sampling was influenced by the 
efficiency of the sample injecting, transferring and separating, all of these factors were determined by 
the dynamics of the xenon sampling. During the complicated procedures of xenon sampling, much re-
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search have been expended to understand the dynamics, and the dynamics of some ideal conditions, the 
multi-pulse injection and the injection volume, were also studied in detail [16~18]. At the same time, to 
improve the separation efficiency some new chromatography related technologies were designed [19~22] 

and the methods on technologies combinations such as multi-dimensional chromatography were also 
developed. Therefore, the components separation dynamics in a chromatograph were still very neces-
sary before improving the column efficiency [23].  

In this study, the curve combination equations are derived on the basis of the exponential modified 
gaussian (EMG) equation and the Boltzman equation. In order to verify these equations, the experi-
mental apparatus is set up and the combination method is developed to derive the curves functions for 
five possible combination conditions.  
2 Experimental apparatus and procedure 

2.1 Experimental apparatus 

The Experimental apparatus is made up of a gas supplier, a pulse injector, the packed column with-
in carbon molecular sieve (CMS), two sampling valve fixed in the front and back of the packed column, 
the temperature control unit and its accessories, as shown in Fig. 1. The Fans gas supplier is a xenon 
pre-concentrating unit with a membrane, a cool dryer and a gas compressor, the gas out of the Fans gas 
supplier mainly contains nitrogen, and enriched noble gases such as argon, krypton and xenon. The 
pulse injector consists of the stainless steel tube and two quick coupling couplers, and its dead volume is 
14.4mL. The CMS packed column is a stainless tube within 20 mesh CMS particulate which is made 
from Shan-Li chemical material Co. Ltd. During the whole experiment, the column temperature was 
controlled at 25 °C and the gas pressure was 8 atm.  

 

Fig.1. Schematic illustration of the packed column within CMS for a curve combination. 

2.2 Experimental procedure  

In Fig. 1, the gas mixture from the Fans gas supplier is transferred into the CMS column, xenon in-
ference gas (30% v/v with nitrogen as diluted gas, Beijing HaiPu Gas Development) in the pulse injec-
tor is prepared before being carried into the experimental apparatus by the gas mixture and gas valves 
controlled. The measured samples are obtained by the sampling valves set at the front and the back of 
the column. Although there are the other methods for xenon detection[24], the xenon concentrations are 
measured by the GCMS (Agilent Technology Ltd., USA) in this paper. GC−MS is done on an Agilent 
7890 GC interfaced to a 5975C MS detector and containing a Restek 30 m × 0.32 mm i.d. capillary col-
umn (5Å molecular sieve, 0.25 µm film thickness). After pulsed split injection (1:20) of this mixture (5 
mL) at 110 °C, the oven temperature is controlled at 100 °C. The helium carrier gas is maintained at a 
constant flow of 1 mL/min. Electron-impact MS data are tested in selected-ion-detected mode (m/z: 
129, 130, 131, 132,134, 136) and analyze with Agilent Chemstation software.  

The experimental procedure is designed as followed: the xenon breakthrough curves are discussed 
for two different conditions, pulse injection and typical adsorption. And then the curves’ combination 
principal is proposed and derived under several assumptions. At last, the experimental verification is 
done and the combination curves are fitted and derived reasonably.  
3 Results and discussion  

3.1 The performances of the Boltzman and the Exponential Modified Gaussian equations 

The Boltzman equation can be expressed in the form such as formula (1), the variable y is the xen-
on concentration flew out of the column, x means the time after injecting in the column.  
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Where both A1 and A2 are quantified in the breakthrough experiment, A1 is determined by the xenon ad-
sorption efficiency in the column, and usually nearly equivalent to the zero [6, 7]; A2 is determined by the 
xenon concentration before injection; x1 is defined as the half breakthrough time, as shown in Fig. 2(a).  

The performances of the EMG equation is expressed in the form such as formula (2), in this equa-
tion variable y is also the xenon concentration flew out of the column, and x means the time after inject-
ing in the column.  
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Where, all of the D1, D2 and D3 are quantified in the breakthrough experiment, their definitions and rela-
tionships are discussed and derived in the references [18], x2 is defined as the retention time, and the typi-
cal curve of the EMG equation was also shown in Fig. 2(b). In the xenon breakthrough experiment, D1 
is determined by the xenon adsorption efficiency in the column and equaled to the baseline value of a 
peak, and usually nearly equivalent to the zero, D2 is used to calculate the width of a chromatographic 
peak, D2 and D3 are used to calculate the height of a chromatographic peak.  

  

Fig.2. The typical graphics and physical performances of both the Boltzman and the EMG equations. 

3.2 The xenon curves for the pulse injection and the breakthrough  

As the former depiction, it is assumed that the combined equation can be derived as equation (3),  
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Where k is the combination ratio of the Boltzman equation, and there is y equals C as the x equals posi-
tive infinite, and there will be five kinds of combination curves, as shown in Fig.3. Firstly, we can con-
sider the extreme conditions, if the k is big enough and the combination equation is mainly determined 
by the equation (1), and the combined curve can be depicted as Fig.3(a), another the k is very small and 
the combination equation is mainly determined by the equation (2), and the combined curve can be de-
picted as Fig.3 (b). When k equals a suitable value under non extreme condition, the combination equa-
tion is determined by both equation (1)and (2), and the curves for x1bigger or smaller than x2, or equiva-
lent to x2 are shown in Fig.3 (c)~(e), respectively. As equation (3) definition, k can be transferred into 
the form as equation (4):  

2

1

A

DC
k

−
=                       (4) 

On the other hand, if the data can be measured and obtained in certain way, how to calculate the 
factor k is a key point to fit the curve function. Obviously, the curves in Fig.3(a) and (b) are fitted as the 
Boltzman and the EMG functions individually; the combined curves fitting in Fig.3(c) and (d) can be 
divided into two steps, the value of the factor k is assumed to equal one firstly, then the values of x1and 
x2 can be calculated by the graph, the Boltzman and the EMG functions can be used to fit curve under 
different range of the time. But under the fifth condition, the combined curve is influenced by these two 
functions under the same time period, as shown in Fig.3(e).  
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Fig.3. The typical graphics for the combinations of between the Boltzman and the EMG equations.  

3.3 The xenon curves for the pulse injection and the breakthrough 

When the xenon injection volume is 0mL, the flow rate are 1200mL/min, 1600 mL/min and 
2000mL/min, the xenon curves flowed out of the column are measured and fitted in Fig.4(a), (b) and 
(c), respectively; the formulas are also subsequently expressed as formula (5), formula (6) and formula 
(7):  

 

Fig.4. The outflow curve for 0 mL xenon injection with the flow rate of: (a) 1200 mL/min. (b) 1600 mL/min. (c) 2000 mL/min.  
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Where t is the time of xenon injection, min. Under the flow rate of 1200 mL/min we obtain that A1 
equals 0.40, A2 equals 196, and x1 equals 61.2. According to formula (6) A1 equals -1.29, A2 equals 176, 
and x1 equals 42.2 with the flow rate of 1600 mL/min. By formula (7), A1 equals -5.98, A2 equals 266, 
and x1 equals 23.5 with the flow rate of 2000 mL/min.  

When the xenon injection volume is 4.4 mL and the flow rate is 1200mL/min, the breakthrough 
curve is tested and fitted in Fig.5. According to Fig.5, the curve obeys exponential modified Gaussian 
distribution and its formula is expressed in formula (8).  

 

Fig.5. The outflow curve for 4.4mL xenon injection with the flow rate of 1200 mL/min.  
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According to formula (8), we obtain that D1 equals 829, D2 equals 8.51×106, and D3 equals 29.4.  
When the xenon injection volume is 2.03 mL and the flow rate is 1600mL/min, the breakthrough 

curve is fitted in black points and line in Fig.6, and C equals 162 and the k is equal to 0.92, and the 
curve of k by equation (6) is shown in red points and line, and the tested data minus the results of the k 
by equation (6) at the same time is shown in blue and the curve is fitted by EMG distribution, the de-
rived curve formula is expressed in equation (9).  

 

Fig.6. The curves comparison between the tested and the fitted for 2.03mL xenon with 1600 mL/min. 
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According to equation (9), the k is equal to 0.88. Therefore, the combined equation is derived in equa-
tion (10) and its curve is depicted in green line in Fig.6.  
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When the xenon injection volume is 0.88 mL and the flow rate is 2000mL/min, the xenon concentration 
flowed out of the column is tested and the breakthrough curve is fitted in black points and line in Fig.7, 
and C equals 200 and the k is equal to 0.75, and the curve of k by equation (7) is shown in red points and 
line, and the tested data minus the results of the k by equation (7) at the same time is shown in blue and 
the curve is fitted by EMG distribution, the derived curve formula is expressed in equation (11).  

 

Fig.7. The curves comparison between the tested and the fitted for 0.88mL xenon with 2000 mL/min. 
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According to equation (11), the k is equal to 0.74. Therefore, the combined equation can be derived in 
equation (12) and its curve is depicted in green line in Fig.7.  
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The verifications of formulas (10) and (12) are done in Fig.8(a) and (b), the derived curve is also drawn 
in green line, the tested curve is fitted in black points and line, the fitting curves by the EMG equation 
and the Boltzman equation are shown in red line and blue line. The Fig.8 illustrates that the derived 
curves are better agreement with the fitting curves by tested than the fitting curves only by the EMG 
equation or the Boltzman equation.  
 

Fig.8. The derived combination curves verification for 1600 mL/min and 2000 mL/min. 
Make comparisons between the formulas (5) and (8), (6) and (9), (7) and (11), we obtain the values 

of the half breakthrough time x1 and the retention time x2, as shown in Table 1. In contrast, at the flow 
rate of 1200 mL/min the half breakthrough time is bigger than the retention time, but samller than the 
retention time at the flow rate of 1600 mL/min and 2000 mL/min.  

Table1 the half breakthrough time and the retention time under different flow rate. 

Flow rate/(mL/min) x1/min x2/min remark 

1200 61.2 51.4 x01>x02 

1600 42.2 48.6 x01<x02 

2000 23.5 35.1 x01<x02 

 

4 Conclusion 

In summary, we fit, examine and discuss the xenon combination curves for five given conditions of 
a pulsed injecting and a breakthrough, these five curves fitting methods are developed and their equa-
tions are derived under the given assumption. As a consequence, the fitting equation of the xenon break-
through curve could be regarded as the combination of the breakthrough equation and the outflow equa-
tion under the experimental conditions. These investigations also demonstrate that the relationship be-
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tween the half breakthrough time and the retention time is influenced by the flow rate in the CMS col-
umn.  
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