
 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-71141 

 

1 

 

 

 

 

Study on cryogenic adsorption capability of trace nitrogen and 

methane by activated carbon for coolant helium purification 
Hua Chang, and Zong-Xin Wu 

Key Laboratory of Advanced Reactor Engineering and Safety, Ministry of Education, 

 Institute of Nuclear and New Energy Technology, Tsinghua University, 100084, Beijing, China. 

phone: +86-89796048, changhua@tsinghua.edu.cn 

 

 

 

Abstract –A fixed-bed apparatus with dynamic two-route proportional gas mixing 

system was designed to investigate the cryogenic adsorption behavior of nitrogen 

and methane on activated carbon for designing the helium purification system of 

high-temperature gas-cooled reactors (HTGR). With helium as carrier gas and at 

the impurity partial pressure of tens Pa, experiments were performed at near 

atmospheric pressure and by dynamic column breakthrough method at -196℃. The 

breakthrough curves and desorption curves were measured. By analyzing the 

breakthrough curve, both the equilibrium adsorption capacity and the kinetic 

adsorption capacity at breakthrough point were determined. Based on mass-transfer 

zone model, the experimental breakthrough curves were analyzed. 

 
 

I. INTRODUCTION 

 

To provide necessary helium purity and avoid 

corrosion of reactor structural materials, helium 

purification system was set up for high temperature 

gas-cooled reactor (HTGR). Usually, the helium 

purification system is used to remove particulate and 

gaseous radionuclides and chemical impurities from 

primary coolant system [1]. For present worldwide 

design of HTGR, helium purification system is 

mainly composed in sequence of cartridge filter for 

removing dustlike particles and three fixed-beds, that 

is, copper oxide bed for removing trace of oxygen 

and converting hydrogen (including trace of tritium) 

to water vapor(or tritium water) and carbon 

monoxide to carbon dioxide, 5A molecular sieve 

adsorber for removing carbon dioxide and water 

vapor(including trace of tritium water) and cryogenic 

activated carbon adsorber for removing residual 

impurities such as methane and nitrogen as well as 

radioactive component of krypton and xenon [2, 3]. 

For instance, five percent of loaded inventory in 

primary circuit of HTR-10 per hour is drawn out, 

purified and finally returns back to reactor core or 

into helium restorage tank [2]. The obtainment of 

adsorption data for various impurities on the 

adsorbents is critical for the design and operation of 

helium purification system. However, cryogenic 

adsorption data of nitrogen and methane on activated 

carbon at low partial pressure range serving for the 

design of helium purification system have been 

rarely available in open literature. In this paper, the 

cryogenic adsorption capability of nitrogen and 

methane on activated carbon were experimentally 

studied at tens Pa for the design of activated carbon 

adsorber of helium purification system of HTGR. 

 At present, based on the technology and 

experience of the HTR-10, a demonstration plant of 

high-temperature gas-cooled reactor-pebble bed 

module (HTR-PM) is under construction and will be 

finished by 2017 in Weihai, Shandong Province of 

China. Aimed to provide reliable adsorption data for 

the design of helium purification system of HTR-PM, 

a fixed-bed apparatus was set up to investigate the 

cryogenic adsorption behavior of trace nitrogen and 

methane on activated carbon at low partial pressure. 

This paper reports the adsorption capability of 

nitrogen and methane on activated carbon by 

dynamic column breakthrough method with helium 

as carrier gas. The experiments were carried out at -

196℃ and the typical partial pressure of 0~25Pa. By 

integrating the single-component adsorption 

breakthrough curves experimentally derived, the 

adsorption equilibrium of nitrogen and methane on 

activated carbon have been obtained. The mass-

transfer zone model (MTZ) was used to analyze the 
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experimental breakthrough curves so as to provide 

valuable design data for adsorption process. 

 

II. EXPERIMENTAL MATERIALS AND 

METHODS 

 

A commercial coconut activated carbon in the 

form of amorphous granule of 10-16 mesh, supplied 

by Shanghai XingChang activated carbon Co. LTD. 

(China), was used as the adsorbent. The adsorbent is 

same as that is utilized in the helium purification 

system of HTR-10 and HTR-PM. The activated 

carbon was regenerated in the fixed-bed adsorber 

and purged with pure helium gas at 150℃. The gases 

of helium, nitrogen and methane used in the 

experiments were all of high-purity additionally 

purified by molecular sieve filter. 

The schematic apparatus designed for adsorption 

experiments is shown in Fig. 1. It mainly consists of 

three parts, dynamic two-route proportional gas 

mixing system, fixed-bed adsorption system and gas 

concentration analysis system. Two mass flow 

controllers of great accuracy, fabricated by MKS 

Instrument Inc., were used to control the mass flow 

rate of helium and impurity gas(nitrogen or methane) 

with the measuring range of 5L/min and 10ml/min, 

respectively. The two routes of pure gas were mixed 

in the two-step gas mixing container to prepare 

uniform and stable feed concentration mixture. The 

adsorber was made of stainless steel with size of 

Φ25mm×100mm. The activated carbon adsorbent 

was fully packed in the adsorber with the mass being 

24.201g for experimental runs. The temperature of 

the adsorber was measured by a multimode heat-

resistance contact thermometer located at center of 

the adsorber and 50mm height, and the weight of 

packed adsorbent by electrical scale with the 

precision of 0.001g. The concentration of impurity 

was monitored by a gas chromatograph (GOW-MAC 

592) fitted with 13X molecular sieve chromatograph 

column and equipped with helium discharge ion 

detector. The chromatograph was equipped with a 

sampling valve with a loop of 2.0 mL to 

automatically analyze the concentration of nitrogen 

or methane at reassigned time. 

Each run of experiment was divided into two 

phases, adsorption phase and desorption phase. In 

the adsorption phase, feed gas was prepared by the 

dynamic two-route proportional gas mixing system. 

The volumetric flow rate of adsorption was regulated 

and controlled by mass flow controller of the helium 

carrier gas. Different feed concentrations were 

obtained by mixing pure nitrogen or methane with 

helium in different proportions by regulating the 

mass flow controller of the impurity gas. The pure 

helium and impurity gases were mixed in the two-

step mixing equipment. The feed gas was initially 

bypassed to enter the gas concentration analysis 

system and measured by GM592 gas chromatograph 

until feed concentration was uniform and unchanged. 

That is, feed concentration of impurity was finally 

determined and verified according to gas 

chromatograph analysis system. This mixing method 

can provide stable feed gas with the error less than 

2ppm. Then it was introduced to the pre-heating 

pipeline, and went through fixed-bed adsorber. The 

temperature of adsorber was controlled by 

immersing it in a constant temperature liquid 

nitrogen bath. The effluent concentration of impurity 

was measured by GM592 automatically sampling 

analysis system to determine the breakthrough curve. 

The pressure of the adsorber was at near atmosphere, 

and measured by absolute pressure transmitter by 

Beijing Far East Rosemount Instrument Co. LTD. 

with the precision of 0.065%. 

Several hours after the outlet concentration of 

impurity was same as feed concentration and kept 

constant, the adsorber was considered saturated. 

Then the adsorption was stopped and the experiment 

passed to desorption phase. By putting the pre-

heating pipeline and adsorber from constant 

temperature liquid nitrogen bath to an air-convection 

oven at 150℃ , the adsorber was regenerated by 

flushing with pure helium gas for a minimum of 1.5h 

with helium mass flow rate of 1.5L/min for 

nitrogen(2L/min for methane) and 2h with helium 

mass flow rate of 3.4L/min. The outlet concentration 

of impurity at desorption phase was measured to 

obtain desorption curves by GM592 automatically 

sampling analysis system. 

In this work, with experiments involving only 

trace impurity, there was very little change in 

velocity and pressure. Due to low superficial 

velocity and thin bed height, the pressure drop of 

adsorber was negligible. Thus, we can assume that 

the flow rates at the inlet and the outlet of fixed-bed 

adsorber are equal and bed pressure keeps constant. 

The adsorber can be considered to be isobaric and 

isothermal for each run. According to mass balance 

of impurity component, the kinetic adsorption 

capacity at the breakthrough point and the 

equilibrium adsorption capacity can be determined 

by analyzing and integrating the breakthrough curves. 
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Fig. 1 Diagram of experimental apparatus for fixed-bed adsorption 

1, filter; 2, mass flow controller; 3, check valve; 4, first-step mixer; 5, second-step mixer; 6, pre-heating pipeline; 7, fixed-

bed adsorber; 8, GM592 gas chromatograph; 9, liquid nitrogen bath; 10, feed gas preparation system; 11, gas concentration 

analysis system; 12~18, N2, CH4 and He cylinders. Note: V1~V6, three-way valves; V7~V9, metering valves; V10~V15, 

shutoff valves; V16~V22, pressure reducing valves. 

 

 

III. RESULTS AND DISCUSSION 

 

The single-component breakthrough curves and 

desorption curves of nitrogen and methane on 

activated carbon are shown in Fig. 2 and Fig. 3 

respectively. For the breakthrough curves in Fig. 2, 

the outlet concentration was normalized by its feed 

concentration. As can be seen from Fig. 2, the 

adsorber has a mass-transfer zone, which indicates 

that mass-transfer resistance exists for the single-

component adsorption of both nitrogen and methane 

on activated carbon and the mass-transfer resistance 

of methane is larger than that of nitrogen. From Fig. 

3, it can be seen that both nitrogen and methane were 

quickly desorbed from adsorbent in the first 40min 

and can be desorbed completely within 2hr at 

desorption phase. In addition, nitrogen is desorbed 

more easily than methane, as shown in Fig.3.  

The variation of the bed temperature with time is 

also investigated. The temperature of the adsorber at 

the adsorption phase kept constant and was same as 

the temperature of liquid nitrogen. Although the 

adsorption is exothermic, the liquid nitrogen bath 

can remove adsorption heat within little time. The 

operation pressure nearly kept invariable in the 

whole adsorption phase. Therefore, it can be 

confirmed that the fixed-bed adsorption is isothermal 

and isobaric, which is the prerequisite for easily 

obtaining the adsorption equilibrium capacity by 

dynamic column breakthrough method. 

With impurity concentration of 0.1ppm as 

breakthrough point, the kinetic adsorption capacity 

at breakthrough point can be determined from mass 

balance of trace impurity by: 

 

100
22.4

s b iMV t C

m
  

  (1) 

Where κ denotes the mass of trace impurity 

adsorbed at breakthrough point in grams per 100g of 

adsorbent; Vs is the feed volumetric flow rate at 

standard temperature and pressure (0 ℃ and 

101.325kPa) in L/min, m is the mass of adsorbent 

packed in adsorber in gram; M is the molecular 

weight of impurity component in g/mol, tb is the 

breakthrough time in min measured experimentally 

and Ci is the feed concentration. According to mass-

transfer zone model (MTZ), the total fixed-bed 

length LB which is a known variable can be 

considered as the sum of the length of equilibrium 

section called LES plus an additional length of 

unused-bed called LUB by: 

 BL LES LUB 
 (2) 

The equilibrium capacity qF, LUB, and LES can be 

determined from experimental breakthrough curve 

data by computing the mean residence time ts from 

following equations: 
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Where ts is the mean residence time in min, Co
 
is 

the outlet concentration of impurity, and qF is the 

equilibrium adsorption capacity of impurity 

component in g/100g adsorbent. t∞ is run time in min 

which was long enough to consider that the adsorber 

was already at equilibrium with feed concentration. η 

is the percentage of LUB in LB and numerically equal 

to LUB in the present work because the length of LB 

keeps constant and has the numerical value of 100. 

In this work, when LB kept constant, LUB was used 

to appreciate the adsorption dynamic. It was noted 

that the variation of Co at the adsorber exit with time 

was experimentally measured by automatically 

sampling of gas chromatograph analysis system to 

obtain the breakthrough curve for each run. For the 

experiments performed, the breakthrough curves 

were analyzed by using the above equations. The 

experimental conditions and results are shown in 

Table 1. 
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Fig.2 Typical single-component breakthrough curves 

of nitrogen and methane (-196℃, nitrogen partial 

pressure 14.1Pa, methane partial pressure 20.0Pa)   
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Fig. 3 Typical single-component desorption curves 

of nitrogen and methane (-196℃, nitrogen partial 

pressure 14.1Pa, methane partial pressure 20.0Pa)   

 

 

 

run 
Adsorbate 

gas 

mass 

of ads 

(g) 

feed 

conc 

of N2 

(ppm) 

bed 

temp 

(℃) 

gas 

flow 

(std, 

Lmin-

1) 

superf 

velocity 

(cms-1) 

oper 

pres 

(kPa) 

partial 

pres 

of 

impurity 

(Pa) 

regene

r 

temp 

(℃) 

regener 

pres 

(kPa) 

breakthr 

time 

(min) 

κ, 

(g / 

100g ads) 

integral 

time 

(min) 

q, 

(g / 100g 

ads) 

LUB 

(mm) 

1 N2 24.201 100 -196 3400 2.34 141.2 14.1 150 163.0 9970 17.5 10682 18.8 6.7 

2 CH4 24.201 142 -196 3400 2.35 140.5 20.0 150 163.3 9732 13.9 11433 16.3 14.9 

Table 1 Experimental Conditions and Resultsa 
a ads, adsorbent; conc, concentration; temp, temperature; std, standard; superf, superficial; oper, operation; 

pres, pressure; regener, regeneration; breakthr, breakthrough;  

 

 

From the results listed in Table 1, at the condition 

of -196℃, nitrogen partial pressure of 14.1Pa and 

superficial velocity of 2.34cm/s, the kinetic 

adsorption capacity at breakthrough point and the 

equilibrium adsorption capacity for the single-

component adsorption of nitrogen on activated 

carbon is 17.5 g/100g adsorbent and 18.8 g/100g 

adsorbent respectively, and the LUB for nitrogen is 

6.7mm. Meanwhile, for the single-component 

adsorption of methane on activated carbon and at the 

condition of -196℃, methane partial pressure of 

20.0Pa and superficial velocity of 2.35cm/s, the 

kinetic adsorption capacity at breakthrough point and 

the equilibrium adsorption capacity is 13.9 g/100g 

adsorbent and 16.3 g/100g adsorbent respectively, 

and the LUB for methane is 14.9mm. Due to the 

small value of LUB for both nitrogen and methane, 

the equilibrium capacity is critical design data. The 
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results of equilibrium adsorption capacity and LUB 

for nitrogen and methane can be used in the design 

of the cryogenic activated carbon adsorber in helium 

purification system of High-temperature gas-cooled 

reactor. 

From the experimental and analysis results, the 

conclusions are as follows: 

1) The coconut activated carbon can remove 

nitrogen and methane to 0.1ppm, whose 

magnitude is three order lower than that of 

feed gas. 

2) At -196℃ and the nitrogen partial pressure of 

14.1Pa (the typical operation condition for 

helium purification system of HTR-PM), the 

equilibrium adsorption capacity of activated 

carbon is 18.8g nitrogen/100g adsorbent. 

3) At -196℃ and the methane partial pressure of 

20.0Pa (the typical operation condition for 

helium purification system of HTR-PM), the 

equilibrium adsorption capacity of activated 

carbon is 16.3g methane/100g adsorbent. 

4) For the single-component adsorption process 

for either nitrogen or methane, the mass-

transfer zone is small and therefore the 

equilibrium adsorption capacity is the critical 

design data for HTR-PM. 
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