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ABSTRACT

Objectives: To monitor the radon concentration level in plants that handle phosphorus rock and produce gypsum board and
cement, and evaluate the effective dose considering the effect of radon exposure on the human body.

Methods: Airborne radon concentrations were measured using alpha-track radon detectors (a-track, Rn-tech Co., Korea) and
continuous monitors (Radon Sentinel 1030, Sun Nuclear Co., USA). Radon concentrations in the air were converted to radon
doses using the following equation to evaluate the human effects due to radon.

H (mSv/yr) = Radon gas concentration x Equilibrium factor x Occupancy factor x Dose conversion factor. The International
Commission on Radiological Protection (ICRP) used 8 nSv/(Bq-hr/m') as the dose conversion factor in 2010, but raised it by a
factor of four to 33 nSv/(Bq-hr/m’) in 2017.

Results: Radon concentrations and effective doses in fertilizer manufacturing process averaged 14.3 (2.7) Ba/m’ (2.0-551.3 Bg/m'),
0.11-0.54 mSv/yr depending on the advisory authority and recommendation year, respectively. Radon concentrations in the
gypsum-board manufacturing process averaged 14.9 Bq/m’ at material storage, 11.4 Bg/m’ at burnability, 8.1 Bq/m’ at mixing, 10.0
Bg/m’ at forming, 8.9 Bq/m’ at drying, 14.7 Bq/m’ at cutting, and 10.5 Ba/m’ at shipment. It was low because it did not use phosphate
gypsum. Radon concentrations and effective doses in the cement manufacturing process were 23.2 Bg/m’ in the stowage area, 20.2
Ba/m’ in the hopper, 16.8 Bq/m’ in the feeder and 11.9 Bg/m’ in the cement mill, marking 0.12-0.63 mSv/yr, respectively.
Conclusions: Workers handling phosphorous gypsum directly or indirectly can be assessed as exposed to an annual average radon
dose of 0.16 to 2.04 mSv or 0.010 to 0.102 WLM (Working Level Month).
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2 H9HAE= Q1A A1 (phosphogypsum), AEHA|(fly ash
& bottom ash), A E(red mud) 53} 22 222 Uit
(Chang et al, 2011; ICKL, 2017).
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1030, Sun Nuclear, USA)E Al&35I9th gt=s: =
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MAske] st Yake] F7] W HEE 275
7] 98l AFEE 77+ Ui=YA=A 7] (Nanoparticle
sizer, NanoScan SMPS Model 3910; Particle Size
Range: 100420 nm, TSI Co., USA)&} 333+ RFA|1427]
(Optical particle counter, Dust monitor 1108; Particle
Size Range: 300 nm<220 gm, GRIMM Co., Germany)©¢]
t}. NanoScan SMPS: 147] AE =2 FEEo 911
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H(mSv/yr) = Radon gas concentration x Equilibrium

factor x Occupancy factor x Dose

COnVerSiOn faCtOr .......................... (1)

o714, HEPAFS(equilibrium factor, F)= 37]&9]
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w2} 0.3~0.7% A-83tch dvtd o g Ay k=] of
A= 04, Aol tsfiAl= 0.6 2

il B2 of HH% A 0.04,
o AFE EE % -g(occupancy factor)2 d}
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Aubg2e] A9 AA7F 7,0004|7F EX= 8,760A| 7k, 2k
Y A A 2000008 Aeich eheel Ak
Ak 1_11}(dose conversion factor)= Hi U }E7| %
of wzt Al AR G et ¥ 2] (United Nations
Scientific Committee on the Effects of Atomic Radiation,
UNSCEAR)2] < 9 nSv/(Bq * hi/m)E, ICRP= 2010
8 nSv/(Bq * hr/m)S, n|=t WAL RS 24 4] 2] S](National
Council on Radiation Protection and Measurements,
NCRP)2] 749 17 nSv/(Bq * hr/m’)E AJA|SFFTHUNSCEAR,
2000; ICRP, 2010; NCRP, 2009). &1}, ICRP+= 2017

A12] 0.0045

9 AEEshALl A ZHS 33 nSvi(Bq - hr/m)E 48] 0]AF 7
ststolck
AYLZAWLME | WL 5xo| 3718 o 2

=
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WLM = WL x (t/l’]() hOurS) ........................... (2)

7] A, WL Z=39] 45, ti= leE A H(exposure
time in hours), 170A]7F 5919 1 WLE] =&& 1 WLM
o]t Abo-Elmagd & Sadek, 2014; UNSCEAR, 2000). 1
g3l WL = 2h=s=Bdm) x (BE/4F57/3,700)0] 2=
Al (3) o Zol Hrh

WLM = Radon concentration(Bg/m’) x (F/3,700)
X (t/l’]O) .............................................. (3)

ICRP 4 UNSCEAR©| os el AHE(Sv)2}
A2 AWLM?ZE A=) e Akl
& Z}ZF 5 mSYWIM % 6 mSv/WLMo|tHICRP, 1993-
1994; UNSCEAR, 1993, 2000).

BE BARHE §OI5E 005N BAA
I FAEAE 8l ARSE 252 SPSS 18.0

ARg-sle

LHEREASE 2= 55
QRS A9 AREL ABHS
ALgH Al 72 BRI SHT GESE
L= 72.9 Bym', 4] 6.2 Bym', =44 9.5 By
oFHY 275 Bymolglom, Argmels o
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Table 1. Radon concentration and effective dose in fertilizer manufacturing process

Numb . Radon concentration(Bg/m’) IAED*(mSV/yr) WLM/yr
umbper o
Process name ICRP 115ICRP 137 UNSCEAR NCRP ICRP 65 ICRP 115SICRP 137
samples
Pes GM(GSD) AM#SD  Range (2010)  (2017)  (2000)  (2009)  (1993)  (2010)  (2017)
Total 108 143(2.7) 20.6£17.0 2.0~5513 0.1 0.54 0.12 022 0022 00092  0.027
Material storage 9 72.9(1.4) 77.1£27.9 41.5~551.3  0.39 2.04 0.44 084 0078 00325  0.102
(Phosphate rock)
Ball mill 4 6202.2)  7.5¢45  2.0~40.7 0.04 0.20 0.04 008 0008 0.0033  0.050
Control room 3 9512) 9515  8.1~11.1 0.05 0.25 0.05 0.100 0010 00042 00125
Reactor 3 54(20) 62436  2.5-9.6 0.03 0.16 0.04 007 0006 0.0025  0.008
Di-filter 4 12.6(1.3)  13.064.0 9.6~18.7 0.07 0.34 0.07 0.14 0014 00058  0.017
Hemi-filter 4 87(12) 88+l5  6.6-9.6 0.05 0.23 0.05 0.100 0010 0.0042 00115
Ne”trzlt‘jrea g‘iypsum 4 13.8(2.6) 19.4£18.6 6.6~46.1 0.10 0.51 0.11 021 0.020  0.0083  0.0255
Open-storage area 6 27.5(1.5) 294122 16.4~703  0.15 0.78 0.17 0.32 0030 00125  0.039

(Phospho-gypsum)

"TIAED : Indoor Annual Effective Dose as AM(Arithmetic Mean)

" Estimated dose conversion factors for radon exposure{Estimated annual effective dose [ICRP : 8 nSv(2010), 33 nSv(2017); UNSCEAR : 9 nSv

(2000), 14 nSv(2013); NCRP : 17 nSv(2009)] per Bg/m'}

¥ Estimated annual effective dose [ICRP : 5 mSv(1993), 12 mSv(2010), 20 mSv(2017)] per WLM}

$ BG(Background) : 7.0(3.7~12.0) Bg/m’

http://www.kiha.kr
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Z0] 9 THTable 2). TjHho] FA o] HF
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3. AIHIE MZAIIE BlESE

AWIE AZAYH QAN T HFGEA ] HEsE
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Table 2. Radon concentration and effective dose in gypsum-board manufacturing process

Number of Radon concentration(Bg/m’) IAED (mSv/yr) WLM/yr
v e M sy e e g 151958 1 UNSCER a1k 11 1t 1
Total 47 11.7(2.4) 152492 07~393  0.08 0.40 0.09 0.17 0016 00067  0.020
Material storage 7 14.9(1.8) 16.848.0 3.7~27.7  0.09 0.44 0.10 0.18 0.018 00075  0.022
(Gypsum)
Burnability 6 11.4(3.6) 16348.0 09~219  0.06 0.43 0.09 0.18 0.012 0.005  0.0215
Mixing 1 8.1(2.3) 10.8+8.6 22~31.6  0.06 0.29 0.06 0.12 0.012 0005  0.0145
Forming 8 10.0(3.2) 13.746.6 0.7~20.8  0.07 036 0.08 0.15 0.014 00058 0018
Pre-cutting 4 22.6(1.6) 243%10.6 13.1~37.5  0.12 0.64 0.14 0.26 0.024 0.010 0.032
Drying 2 89(1.4) 9.1432 69~114  0.05 0.24 0.05 0.10 0.010 00042 0012
Cutting 4 14.7(2.6) 19.6£15.0 42~393  0.10 0.52 0.11 021 0.020  0.0083  0.026
Shipment 2 10.5(1.1) 10.6£1.4 9.6~11.6  0.05 0.28 0.06 0.12 0.010 00042  0.014
Control room 3 15.02.3) 183122 6.0~303  0.09 0.48 0.11 0.20 0.018 00075  0.024

"TIAED :

Indoor Annual Effective Dose as AM(Arithmetic Mean)

" Estimated dose conversion factors for radon exposure{Estimated annual effective dose [ICRP : 8 nSv(2010), 33 nSv(2017); UNSCEAR : 9 nSv

(2000), 14 nSv(2013); NCRP : 17 nSv(2009)] per By/m’}

¥ Estimated annual effective dose [ICRP : 5 mSv(1993), 12 mSv(2010), 20 mSv(2017)] per WLM}

$ BG(Background) : 7.0(3.7~12.0) Bg/m’

Table 3. Radon concentration and effective dose in cement manufacturing process

Number of Radon concentration(Bg/m’) IAED*(mSv/yr) WLM/yr
Process name samples  GM(GSD) AM:SD  Range 1(2(12{(1)’15)15 1(2(12{(1)’171)37 UI\(IZSO(E)](E)I)AR E(OZ(}){;; 1%1{91(;36)5 IC(I;(I)’1 5)15 IC(I;(I)’1 71)37
Total 93 21.9(1.7) 24.0+13.8 1.0~144.3 0.12 0.63 0.14 0.26 0.024 0.010 0.0315
Stowage area 27 23.2(2.2) 27.5£19.7 2.0~144.3 0.14 0.73 0.16 0.30 0.028 0.0117 0.0365
Hopper 33 20.2(1.6) 19.7+10.9 1.0~99.9 0.10 0.52 0.11 0.21 0.02 0.0083 0.026
Feeder 25 16.8(2.5) 21.2+14.7 4.0~64.0 0.11 0.56 0.12 0.23 0.022 0.0092 0.028
Cement mill 8 11.92.7) 15.0+10.9 1.0~34.0 0.08 0.40 0.09 0.16 0.016 0.0067 0.020
"TAED : Indoor Annual Effective Dose as AM(Arithmetic Mean)

" Estimated dose conversion factors for radon exposure {Estimated annual effective dose [ICRP : 8 nSv(2010), 33 nSv(2017); UNSCEAR : 9 nSv

(2000), 14 nSv(2013); NCRP : 17 nSv(2009)] per Bg/m'}

¥ Estimated annual effective dose [ICRP : 5 mSv(1993), 12 mSv(2010), 20 mSv(2017)] per WLM}

$ BG(Background) : 7.0(3.7~12.0) Bg/m’

Journal of Korean Society of Occupational and Environmental Hygiene, 2018: 28(3): 283-291

http://www.kiha.kr/



X Z4(AMAD)
DEEEge FEEs R BE

QAT HFSHe AUE Az 1687
57 Aof 9] A} 435 (number concentration)+= 7|
SFEA o2 137,696.3(19,129~309,775) #/cu{GSD 3.3
(1.0~2.3)]01913L MOl 9,927~450,035 #/cmo]glct

(Table 4). A5 (mass concentration)= 7|3} H a2
2 0.07(0.04~0.08) mg/m'[GSD 2.3(1.47~4.02)]0] 211
HOlL 0.01~048 mgm'o]ch d¥byg oz w9z}
£ 1~100 nn 27]2] JAE Hal=d|, 7] = v
= R)R}e] SR (aggregate) FAS 31834 1.0~250 nm
=27) 742 9] M$1E YA s e 2 AFESlch Ui
27] YRFe] EAL QAEE 44,973.1 #em (GSD
2.9)01 3 AA7)= 7|5 F 22 65.7 nm(GSD 1.9)
ollom W= 1.2 g/eco] @it

Table 4. Concentration of particle number and mass, distribution of nano particle in feeder process

Number concentration Mass Nano particle Size of nano particle
. (#/cm) (mg/m’) (#/cm) (nm)
Site N GM GM GM GM
0,
(GSD) Range (GSD) Range (GSD) % (GSD) Range
137,696.3 _ 0.07 _ 44,973.1 34.6 65.7 _
Total (3.3) 9,927~450,035 (2.30) 0.01~0.48 2.9) (4.2~98.0) (1.9) 24.9~184.6
26,046.5 _ 0.08 _ 9,359.2 36.6 48.3 _
A 1 (1.4) 15,857~54,510 (3.35) 0.03~0.13 (1.35) (252~58.1) (1.8) 33.3~123.5
30,942.7 _ 0.08 _ 10,336.6 39.8 73.4 _
B 2 (2.3) 9,927~450,035 (.73) 0.01~0.48 (2.41) (4.2~98.0) 22) 29.0~184.6
309,774.9 _ 0.08 _ 91,642.1 29.6 66.5 _
C 5 (1.0) 249,060 ~424,640 (1.47) 0.07~0.10 (1.04) (24.6~32.0) (1.8) 24.9~88.7
28,709.7 _ 0.07 _ 12,559.4 473 60.0 N
D 2 (2.2) 8,612~429,266 (4.02) 0.02~0.32 2.12) (83~ 874) (1.9) 37.5~135.6
19,128.5 _ 0.04 _ 19,128.5 61.8 62.8 _
E 1 (1.2) 29,140~35,824 (2.69) 0.02~0.06 (1.18) (46.3~83.3) .1 50.9~72.2

"N : Number of samples

Table 5. Distribution of number concentration(#/cm’) according to AMAD in feeder process

Nucleation mode

Accumulation mode Coarse mode

Site N Sampling time (10~100 nm) (100~400 nm) ¢ 1.0 m)

(hr) GM % GM % GM %
(GSD) (GSD) (GSD)

Total 11 1~16 > 113%2)'0 12.3+19.7 47(’71.66?9 45.0+18.2 2212‘.‘62)'2 5.7+9.1
A 1 3 21%‘.‘55)'7 17.5+16.3 8’((;;))'9 38.1+17.1 3’3?72)'6 14.045.2
B 2 3.5 2(°1611.17')5 28.5+26.5 4’(95?39)'7 30.8423.6 3@?3)'5 15.2+11.1
C 5 16 5’(32%8 2.0+0.8 17(()1?16)9 9 55.0+1.8 2’(2?)'9 0.9+0.9
D 2 4 8’(5539)'1 36.7+20.4 3(33273)4 17.8+13.1 4’(22?99)'7 16.6+10.2
E 1 1 ! 1(’15.%5;'3 40.5+18.3 9’(1;;‘)'3 36.4+17.7 235.9(1.7) 0.8+0.4

"N : Number of samples
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Celebi et al., 2014; Epstein et al., 2014). 3, oA
ShEom clgk Agaros Awsh] fla) Atk 4
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ICRP, 2010; Tirmarche et al., 2010; ICRP, 2017).
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