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Abstract: Background, aim, and scope Large quantities of CO, has emitted due to anthropogenic combustion
of fossil fuel since industrial revolution, and the concentration of atmospheric CO, has increased to levels
unprecedented in at least the last 800000 years which is the largest contribution to the global warming. Monitoring
atmospheric CO, sources is increasingly important in the interests of establishing controllable strategies and
implementing greenhouse gas regulations. CO, emitted from the combustion of fossil fuels contains no *C
because the half-life of "“C (5730 years) is much less than the age of fossil fuels. The difference between the '‘C
compositions of CO, derived from fossil fuels (CO,) and from modern CO, sources is huge and this contrast
makes "‘C a unique and sensitive tracer for quantifying CO,;. The existing sampling methods all have their own
shortcomings. For example, the samples collected by flasks or gas sample bags are only representative of each
point in time, and the pump-based alkaline solution method and molecular sieve method require external energy
supply which could not be deployed in remote sampling sites, and absorption rate of the passive sampling method
using molecular sieve was too low (0.014—0.065 mg C-d ') to make high-resolution atmospheric '“C research.
So there is an interest in developing an active absorption system using a molecular sieve with the pressure gradient
produced by the water flowing out of a glass bottle drop by drop. Materials and methods The active absorption
system is composed of two parts: (1) a molecular sieve device and (2) pressure gradient apparatus. The molecular
sieve cartridge (MSC) was made in a quartz tube, in the middle of cartridge (22 mm O.D., 60 mm length) filled
with 6.5 g of 13x molecular sieve secured with quartz wool. The pressure gradient apparatus consists of a 6 L
custom-made glass bottle with a 9 mm O.D., 60 mm length glass tube welded to the bottle, and a water flow
regulator connected to the glass tube. The flow rate can be controlled by the regulator to meet a targeted sampling
duration (hour, day or week). In addition, the dripping water can be collected in a separate glass bottle for re-use.
A 60 mm O.D.x250 mm length muffle tube furnace was designed to heat MSC for activation and desorption.
Before sampling, the MSC should be activated completely by heating at 550°C while purging with high-purity
N,. When sampling finished, the molecular sieve device was inserted into the tube furnace and connected to
the vacuum system with a metal joint to desorb and purify CO, by cryogenic trapping. Results The results of
molecular sieve absorption and desorption showed that the recovery rate was over 99% and the parameters also
produced good reproducibility at the 2¢ level, when the MSC was heated at 550°C for 20 min. So 550°C, 20 min
was the optimal condition and was adopted for routine sampling. The comparative experiments were conducted
by collecting atmospheric samples from the same locality at the same time using the new active absorption system
and the phosphoric acid solution displacement method. And the results demonstrated that there was good overall
reproducibility between the two methods at the 20 uncertainty level and both methods were viable for sampling.
Besides, we used the active absorption system to collect air samples at different duration (one day, two days, three
days and five days) at the flow rate of 5 mL-min ', and the results showed that the amount of carbon increased
linearly with the increasing sampling duration (R’= 0.9784). The adsorption rate of this system was about
1.04—1.30 mg C-d', and the average adsorption rate obtained by linear fitting was 1.24 mg C-d ' far higher
than the adsorption rate of 0.01—0.065 mg C-d ' of passive sampling method of molecular sieve. We applied our
method to collect atmospheric CO, samples since January 5, 2016, and the samples were taken on the sixth floor
at the building of Institute of Earth Environment, Chinese Academy of Science. The results showed that 4"C of
atmosphere in winter was significantly lower than that in summer while the CO,; in winter was higher than that in
summer. And CO,;; concentration decreased gradually from January to July at the rate of about 0.22 pL-L™"-d"".
Discussion We performed simple linear regressions between CO,,; and air pollutants (CO, SO,, NO,), and CO,
had the strongest relationship with SO, (R*=0.813, p<0.001). The statistics showed that coal combustion is the
main source of SO, in Xi’an. Therefore, we concluded that CO,; in Xi’an is mainly derived from the combustion

of coal, and higher CO,; concentration in winter was potentially mainly due to the enhancement usage of fossil
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fuel burning for heating. Conclusions We developed an active absorption system using a molecular sieve by
taking advantage of pressure gradient produced between the inside and outside of a bottle while water was
flowing out of the glass bottle drop by drop. This new system can continually absorb CO, into a molecular sieve
without external energy to meet the targeted sample duration and to collect sufficient CO, for high precision
AMS-"*C measurements. A tube muffle furnace was customized to heat the molecular sieve for activation and
desorption, and we found that a desorption temperature of 550°C for at least 20 min is optimal, yielding recovery
rates above 99% with good reproducibility. In addition, the results of the comparative experiments between our
new method and the phosphoric acid solution displacement method had good overall reproducibility. Furthermore,
the amount of carbon increased linearly with the increasing sampling duration, and the average absorption rate
was above 1.0 mg C-d ' allowing for high precision AMS-"“C measurements and high-resolution atmospheric '*C
research. Recommendations and perspectives This study provides a new molecular sieve method for atmospheric
CO, sampling without external energy supply, and this method is worth promoting as an effective way to trace

atmospheric CO,.

Key words: pressure gradient; molecular sieve; active absorption; atmospheric CO,; AMS-"*C

Tl Lok, REMAREHIARE FBORR
th CO, WE SR T e, HREE Bl =it £
80 JTAE LUK I e i K-, 3 A BR AR 0 1Y
FHEJFER (IPCC, 2013) o W4, Bk A RE
BRBEHEICR CO, B RUA HE AR d5c K1) ¥ i T
& (Palstraetal, 2008 ) , 2013 4FEERILAIREIAY
B HE B 29k 97.76 A2 ( Boden et al, 2016)
TERBRAMRZ T =T, dEfE 2 Rhiba
U5 CO, HYHERCIR I T Ay ] Z 1M DX o] itk DR I
RPN ISR St rT R B2 AR s

HC o C TR R, HE Il 5730 4F.
fEA RN 2 b T AR RS T i e B AR Y
4, HIRBFTB co, RF “C, HRAHH
kiR CO, 19 C HRAFAE E 225, IR
H1 CO, 1 MC AR AT LR A AU R B AR CO,
F HE JBCIR B (Levin et al, 1989; Turnbull et al,
2006; Hsueh et al, 2007; Turnbull et al, 2009a;
Dijuricin et al, 2012; Zhouetal, 2014) ., KX "C
ORI f A 1954 AF A T8 74 = B il ) Makara

(Currie etal, 2011) , BlJ57EHAb, S RLEEETT

FAT, FT C b i SARE i 5 FRAE 7
FE T 53 R R SRAE BRI SRAE 2

% IF >R A 2 48 A I SUM (Newman et al,
2008; Turnbull et al, 2009b; Miller et al, 2012;
Lopez et al, 2013) B¢ <48 (i, 2009) RES
RREA, —MAE LA 8 N e i, K BURAE T
e B2, ARG T3l IF O ITT ok 56 iU UARAE 5
HIREE , (R IUHAATE D BEPEFIAS By s S i Bl

UHEATEP AN RALIE, WIERER . e A A 5y
R R SRAE 5 12 felf T 5 DR A B 3] 2 2 1Y
FEAARTR R FEILFA ) DURBUR Y CO, &
el AMS-"CZE TR BRAE A IRFE S,
WA AR i AR I —SRAFE SRR CO, MR & M'C
IRV RRERAFAE TR PRV E R W B CO,, DASE
PRRE i A I [ 1 22 B AT 25 WL B I 3R 35 v
C IYEEKOE

By ) BRI SRAE 3 43 DRyl v ) O R
FICH ) 5o

7 FL T 7 1 A AT R T AT I A YR T Wk
(Levinetal, 1980, 2008 ) Fl4>FifiMfii% (Kuc,
1991; Bol and Harkness, 1995; Hardie et al,
2005; Billett et al, 2006; Hamaildinen et al,
2010; Palonen, 2015; Taylor et al, 2015) .
Levin etal (1980 ) [ 1976 4FifR H] NaOH MLl
WHERS CO,, HATHI/NISRGE ARl —
%A NaOH IS A IE & 4%, Ry Co, W5
NaOH & AE OW T, 2 )5 18 i R R Ti e i
(¥) CO,o Kuc (1991 ) W IR AR id L e A7
Oy TR A, HEAT RS SR AR A, S dE
I F I T CO, M ARILIE, 29 15 m® i RAAT
RIS dm’ (19 CO,o M FRXPIF LR 2], 78
TCH 3 it 1 B A RATE I W JE A

T L g O B A R W S W 0 ( Currie
etal, 2011) . 43 1 9 #% 3 K #£ % ( Garnett and
Hardie, 2009; Garnett and Hartley, 2010; Walker
etal, 2015) . HEWEMR ¥ W 4 Uik (Zhou et al,
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2014) o BRIA B E S WSO A A S mol L
(1) NaOH ¥ ¥ 1) 3% 35 FC S ol % JE R IR
R T RAVUBBKAT W CO,, ZJaAm K&
WA B 7 ik AR M A4k )5 1 CO, ( Currie et al,
2011) o fHIZ 5 ks W B 1) NaOH %5l H A 1R
SRAGEIRIE, EPANRARRHRXERE N 2. J 0 b
BIRAE T BB e AT W28 1 40 T4 BT
FRA, @SRy HOk W CO,. Garnett and
Hartley (2010) }% Walker et al (2015 ) HY 52 56 3iF
B, 430 4 sl RAE IR R W BREEE R 4351 R 0.014 —
0.056 mg C-d"' &% 0.044—0.065 mg C-d™', Tk
W B R, T AR R AIGE B 3 KB i A
AT AMS-1C T2 T B2t i, R AR
i ()3 HER BER B R i, W BEf FH B SRR
ANFF LR PIRR TR ) 7k, VE i A i
O H BB R HEBE R VA W A R B R AR
RAERT, KRR BRI (pH=2) A% KB
PR AR A SRS R A R R R AR,
RO 7 2 TS8R L, R AR 5 T
WA 77 25 F e <A, I mI a8 o 38 7 R %
VI ke s i R P R R, H T R R
AR FNIZE 5 (Zhou etal, 2014)
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g3 ¥ Ui ¢ B AL 4% 4 F 0 8 (molecular sieve
cartridge, MSC) FlT-#ds, Hr, A3 MSC
B 1% 11 = B8 Hardie et al (2005) F Garnett and
Hardie (2009 ) .

MSC Z5# 18 1 s, A1 3248 bl (AR
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1: Quick coupling; 2: Clip; 3: Molecular sieve; 4: Quartz wool; 5: Metal joint; 6: Valve; 7: Metal joint; 8: CaCl,.
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Fig.1 Schematic diagram of the molecular sieve device
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(3) 4THF 1K, fRIF MSC BITTCH,
TEEH IR AT IR R R K, 30 s LA,
/K AR 1k D)0 B 2 B R A HL B R R
W F125 5

(4 HTFEMSC T, P33 , JEF TRE IS

=]

&
T Atmosphere

'4

1o THEEES; 2. &k 3: WIT; 4 &k, 5. MSC;
6: HEPPREEE; 7. RERCY; 8. UM 9. REMCAY: 10: IR
T AR B FR T

1: Desiccator; 2: Metal joint; 3: Valve; 4: Metal joint; 5: MSC;
6: Quick coupling; 7: Silicone tubing; 8: Glass bottle, 9: Silicone tubing;
10: Flow regulator. The arrows indicate the direction of airflow.
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Fig.2 Schematic illustration of the sampling device
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Fig.3 Schematic illustration of the molecular sieve cartridge
activation

1.3 FiESFHZE
1.3.1 J3F-ifif i B8 B di i Mt

TEG> T W B A8 S e A S, R g A
CO, #4335 4y J e s AR S 47y, — 1 CO,
A A BRI AT AMS-"CAE, B —# ik
17453 F-Tii W Bk A% g BfF ( molecular sieve absorption
and desorption, MSAD ) SZ 56, % i W ff 1% CO,
WA BRI T AMS-"C s, C gl A
F 2%/~ (Donahue etal, 1990) .
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Fig.4 Schematic illustration of the Molecular Sieve Cartridge Desorption
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Tab.1 Results of molecular sieve absorption and desorption

Heihds  SRESS LRIk TRLEE, If1E] Cim LAV ES e N
Sample code Lab code Method Temperature, time & Recovery rates Uncertainty
— XA8404 No MSAD 0.80 0.9899 0.0037

- XA8405 MSAD 500°C, 20 min 0.77 96.11% 0.9348 0.0029
75 XA8569 No MSAD 1.15 1.0524 0.0033
- XA8864 MSAD 500°C, 20 min 1.11 97.21% 1.0417 0.0027
753 XA8392 No MSAD 1.20 0.1018 0.0011
- XA8393 MSAD 550°C, 20 min 1.19 99.25% 0.1035 0.0012
— XA8856 No MSAD 1.46 0.9645 0.0027
- XA8855 MSAD 550°C, 20 min 1.45 99.32% 0.9600 0.0027
K2 PIFCRARTTIERR HESE IR Es 2R
Tab.2 Results of the comparative experiments of two methods
SEEE S R s RAETT 13 14 - .
0°C/% F°C N Uncertaint
Lab code Sample code Method 0 PrHEE  Uncertainty
AR =
XA13645 PSXH-1 . HFBERATR AR ik . —10.33 1.0094 0.0029
Displacement of H,PO; solution
Vi 3
XA13646 FZSXH-1 . ﬁ%ﬁjﬂi . —10.26 1.0038 0.0031
Active absorption of molecular sieve
I =
XA14117 PSXH-2 el -9.98 0.9895 0.0033
Displacement of H,PO; solution
Vi 3
XAl14121 FZSXH-2 TGk —9.78 0.9853 0.0034

Active absorption of molecular sieve
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1.3.3  BRWEFH R

3 7 8% B R AE 5k R e W R 32 0.01—
0.065 mg C-d™' ( Garnett and Hartley, 2010;
Walker et al, 2015) , Z/0 5 KUL YA
AJIAE] AMS-1C e PER, 1T AMS-"C il &
LRt R s A1) 3 SO 3 2 a1 & P S
FEJANE FIF R A3 HE I R 47C BF5E

SRy AR BT 8 43— 0 7 12 %) Tl MR B 3 23 - 3 i
T 15 14 W BTtk 2 75 25 il SR AR S [ 1 A i 48
ARHIF 5 A BN 1% 43 5 9546 5 mL-min ™' 32
T, FEAERAE A AT KA R 525
SERANR 3 B 5 Fivas, 3 0 W B Ak e iR
BERFCE LMK (R°=0.968, p<0.001) , I
BE R 2 1.04 —1.30 mg C-d ', @ LA
15 2 AR MR 2 1.24 mg C-d Y, TiE T
G300 B SR A T U A B W B R, AT DA
IPHERI RS AC HFFEIER

K3 P TIRAEAN RIRAEMI T (05 B ask i

Tab.3 Carbon mass during different sampling duration

fiill==c FEM g AL Cm
Lab code Sample code Sampling duration/d &
BT841 FZS-D1 1 1.30
BT853 FZS-D2 2 2.24
BT892 FZS-D3 3 3.11
BT934 FZS-D5 5 6.25
7 -
6 i | |
y=1.244x-0.196
R=0.968
5 -
on
£ 4
&
3
2 .
1 -
i 2 3 4 5 6

TRERT
Sampling duration/d

FS o1 i a S R G R A
Fig.5 Relationship of the carbon mass and sampling duration
2 SCBRRLA
2.1 K5 CO, HFmHRERHIEST
2016 4F 1 J BT FHHT Y 730 R A D5 125

TP [E Rl B U ER PR AT ST T 6 B X KRR CO, i
FTUSE, AR HIE S mL-min', CO, 2k Fff
IFalifb 5 & A B, T AMS-MC e, 45
B 4"C % 78 (Stuiver and Polach, 1977) .
KRR ) 1] B K R CO, Wk B K 6°C H Picarro
G2131-i M5E .

N, AU B A R A AR Ak
(COypy ) FZH =& HM: KA CO,
(COy,) . fk A1 CO, (COy,y) H1 4 ¥ ¥ CO,
(COuip) o H:UC UL B 4 M K A Ay A
Ao, FRPET RSP AT BT L

COyps= Co2bg+ CO,io +COyy (1)

A 55C O = A1 COp T 413 COLpi s + 45 COLe - (2)

N R 4, 3 L 4E T 4, (Levin et al,
2003; Zhou et al, 2014 ) , I35 CO, YA
Jrik:

CO,y (A=)
COpy=————— 3)
A4y
e Ay B BE G 9 4C (H; 45 7 —1000%o0;
CO,p M K AE HH 0] KR CO, ¥ BE 19 V-2 (H ( Hh
Piccrao G2131-i {52 ); A, WA, s KK 4 CHH,
ARSI 5% SR FH 4 3R ORI sy o5 it 22 0 1) B 4R
(Levinetal, 2013 ) , ML JLAFREIRAI AN,
THELIT Ay R AMEEAT EHZA G 57 2016 49K
K A*C A,

=k 4 K& 6 s, 2016 4% 1 12 7 J ],
PR A™C ARG N —92.05%0+2.32%0
(1) Z-1.00%0 +2.84% (7 J1 ) , ZXZFE KX
ACHRERTESE, N1HAXETH, kKK4%C
HEZW T m R, REEE, fkai Co, ik
B E 1 H, A (53.15+3.03) pL-L™,
RARMEHBAE 7T H, 4 (8.73£2.41) uL-L™'; 4k
LR CO, VR EE SR F 2B 1 A 2 7 ] B AR
R, FRERZ N 022 uL-L'-d ',

2.2 CO, RIS T

Fo A IR CO, HECIRIL . A8 fbtash SOk,
ASCHE T RERFESHGE (294 km) B92X4P/NMX W
I A5 Y 2 BRI Y CO. SO, K NO, i s i
B B RUR T 74 2 h AR5 W« http://www,
xianemc.gov.en ) , BEALATIE CO, 5 FERAT5YL
WS EH AT LU, I T ARG BT
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Tab.4 A"C of atmosphere samples
- T —
Lﬁ:ﬁ;e Si‘:ﬁﬁze Saﬁpﬁi??me 0°C/%  CO,/(uL-L™) 4"C /%o CO,y/ (L L™
XA15258 611-1 2016-01-05—2016-01-15  —11.91 479.22 —92.05+2.32 53.15+3.03
XA15259 611-2 2016-01-16—2016-01-26  —10.50 435.22 —60.74+2.68 34.93+2.74
XA15262 611-3 2016-02-23—2016-03-04  —10.45 434.59 —45.66+2.67 28.4642.72
XA15281 611-4 2016-03-04—2016-03-14  —10.69 437.76 —83.2342.84 44.7742.94
XA15282 611-5 2016-03-14—2016-03-24  —10.39 439.91 ~46.57+2.70 29.20+2.83
XA15377 611-6 2016-03-24—2016-04-04  —10.14 435.65 ~42.29+2.58 27.0942.65
XA15619 611-7 2016-04-05—2016-04-15 -9.54 433.06 -36.58+2.31 24.5142.38
XA15614 611-8 2016-04-15—2016-04-25 -9.16 421.89 ~29.88+2.46 21.1142.36
XA16355 611-9 2016-04-25—2016-05-09 -9.27 425.62 ~21.04+2.91 17.61+2.82
XA16358 611-10  2016-05-09—2016-05-14 -9.39 423.45 —25.8842.65 19.5342.54
XA16359 611-11  2016-05-14—2016-05-19 -9.15 419.06 ~17.9342.57 16.07+2.41
XA16360 611-12  2016-05-20—2016-05-25 -9.06 420.16 —23.8842.45 18.55+2.32
XA16362 611-13  2016-05-25—2016-05-30 -9.25 421.81 —24.63+3.23 18.94+3.10
XA16365 611-14  2016-05-31—2016-06-05 -9.72 432.38 —31.21+2.78 22.20+2.80
XA15965 611-15  2016-06-13—2016-06-18 ~8.89 409.48 ~7.4142.92 11.48+2.60
XA16062 611-16 2016-06-18—2016-06-23 —8.93 414.55 —18.32+3.43 16.054+3.20
XA16070 611-17  2016-06-23—2016-06-28 -9.01 41327 ~15.2242.99 14.7542.72
XA16086 611-18  2016-06-29—2016-07-04 ~8.87 412.44 ~16.00+3.92 15.03£3.75
XA16097 611-19  2016-07-04—2016-07-09 —8.48 401.21 ~1.00+2.84 8.7342.41
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Fig.6 Trend of atmospheric 4'*C with sampling time (a) and trend of fossil fuel derived CO, with sampling time (b)
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