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요 약: 비소는 암 등의 질병 치료 및 생활용품 등의 원료로 사용되는 등 산업 활동 전반에 걸쳐 다양한 용

도로 사용되어 온 원소이다. 그러나 토양 매립 폐기물 처리, 금속 제조 및 화석 연료의 사용 등으로 인해

환경 생태계를 오염시킬 수 있다. 특히 비소는 토양 및 미생물에 의한 자연적 요인과 산업활동과 같은 인

위적 요인으로 발생 할 수 있어 환경매체 중에 광범위하게 존재하기 때문에 다른 원소에 비해 인체에 노출

될 가능성이 크다. 따라서 본 연구는 기존의 단순농도 평가 및 단일 매체 중심의 오염원 관리의 단점을 극

복하기 위해 다경로(흡입, 경구, 접촉 등)/다매체(대기, 수질, 토양 등) 거동 특성을 반영하여 인체 위해성

평가를 수행하였다.

결과적으로 노출경로별 비소가 인체에 가장 많이 노출되는 경로는 경구에 의한 기여도로 57~96 %를 차

지했다. 상대적으로 다른 연령군에 비해 영유아에서 높은 노출량을 보였다. 이는 성인에 비해 체중이 적

고 체표면적이 커서 유해물질에 더 많이 노출 될 수 있기 때문이다. 기존 연구에서 보고된 바와 같이, 비

소는 경구 경로 중 먹는물의 기여도가 대부분의 연령층에서 주요 노출 경로를 보였다. 최종적으로 노출량

평가 결과에 근거하여 발암위해도 및 비발암위해도를 산정하였다. 산정결과 CTE 및 RME에 대한 발암위
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I. 서 론

비소는 광석이나 지각 중에 존재하는 원소로서 지

구상의 어디에나 편재하며(NRCC 1978), 공기 흡입,

먼지 등을 통한 피부 접촉이나 먹는물 및 식품 섭취

등 다양한 경로를 통해 노출되어 인체에 축적된다.

특히 비소는 피부 접촉 및 호흡에 의한 노출보다는

물과 식품 등의 섭취에 의한 경구노출이 주요 요인으

로 알려져 있다(WHO 2011). 지질학적으로 비소가

높게 함유된 토양이나 지각은 자연적으로 지하수 및 자

연수 내에 용해되어 다른 지역에 비해 비소 함량이 높

게 나타난다(Ahmed et al. 2004). 또한 비소는 인위적

으로 질병 치료제 및 원료 등으로 사용되어 왔으며, 광

산활동, 폐기물 처리, 금속제조 및 화석연료 사용 등

산업활동으로 인해 환경 중으로 비의도적으로 배출

되기도 한다(Azcue & Sayed 1994; Hamilton et al.
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해도는 2.3E-05~6.7E-05의 범위로 모든 연령 군의 전체 시나리오에서 발암확률 1.0E-04을 초과하지

않았으므로, 발암위해를 무시할만한 수준으로 판단된다. 반면 RME에 대한 발암위해도는 6.4E-05~

1.8E-04의 범위로써 영유아 및 미취학아동 군에서 1.3E-04~1.8E-04의 범위로 초과발암확률 1.0E-04을

초과하였다. CTE 및 RME에 대한 비발암위해도 결과는 위해지수가 각각 5.4E-02~1.9E-01, 1.5E-01~

6.8E-01의 범위로 모든 연령 군의 전체 시나리오에서 위해지수 1을 초과하지 않았으므로, 비발암 위해성

은 낮은 것으로 판단된다.

주요어: 비소, 다매체 위해성평가, 발암위해도, 비발암위해도

Abstract : The element arsenic, which is abundant in the Earth’s crust, is used for various industrial

purposes including materials for disease treatment and household goods. Various human activities,

such as the disposal of soil waste, metal mining and smelting, and combustion of fossil fuels, have

caused the pollution of the environment with arsenic. Recently, guidelines for arsenic in rice have been

adopted by the Korean ministry of food and drug safety to prevent health risks based on rice

consumption. Because of the exposure to arsenic and its accumulation in the human body through

various channels, such as air inhalation, skin contact, ingestion of drinking water, and food

consumption, integrated multimedia risk assessment is required to adopt appropriate risk

management policies. Therefore, integrated human health risk assessment was carried out in this study

using integrated exposure assessment based on multimedia (e.g., air, water, and soil) and multi-route

(e.g., oral, inhalation, and dermal) scenarios.

The results show that oral uptake via drinking water is the most common pathway of arsenic into the

human body, accounting for 57%-96% of the total arsenic exposure. Among various age groups, the

highest exposures to arsenic were observed in infants because the body weight of infants is low and

the surface areas of infant bodies are large. Based on the results of the exposure assessment, the cancer

and non-cancer risks were calculated.

The cancer risk for CTE and RME is in the range of 2.3E-05 to 6.7E-05 and thus is negligible because

it does not exceed the cancer probability of 1.0E-04 for all age groups. On the other hand, the cancer

risk for RME varies from 6.4E-05 to 1.8E-04 and from 1.3E-04 to 1.8E-04 for infants and preschool

children, exceeding the excess cancer risk of 1.0E-04. The non-cancer risks range from 5.4E-02 to 1.9E-

01 and from 1.5E-01 to 6.8E-01, respectively. They do not exceed the hazard index 1 for all scenarios

and all ages.

Keywords :  arsenic, multimedia risk assessment, cancer risk, non-cancer risk

06심기태(152~168)ok.qxp_환경28-2_2019  2019. 5. 3.  오전 9:21  페이지 153



1998;  Juilot et al.  1999; Charlet et al.  2001;

Cappuyns et al. 2002). 비소는 폐암, 피부암 및 간

암을 일으키는 인간 발암물질(human carcinogen)

로 IARC (International agency for research on

cancer)에서 ‘1A’ 등급으로 분류되었으며, 피부질환

및 심혈관계 질환 등 비발암성 독성 등도 큰 물질이다.

비소의 독성은 비소의 형태에 따라 차이가 있으며,

As3+,As5+ 등의 무기비소가 유기비소에 비해 독성이

강하며, As3+가 As5+에 비해서는 10배, 유기비소인

MMA, DMA 등보다는 700배 정도 독성이 크다. 오

염된 물과 토양에서 재배된 쌀 등 농작물 중의 비소

는 주로 무기비소로 존재하며, 수산식품 등에서는 유

기비소 함량이 높은 것으로 알려져 있다. 따라서 효

과적으로 비소 노출을 저감시키기 위해서는 독성이

높은 무기비소만을 환경매체 및 식품 내에서 관리해

야 하는 것이 바람직 하지만, 현재 국제적으로 화학

종별 비소에 대해 분석법이 표준화되어 있지 않으며,

분석이 까다로워 일반적으로 대부분 무기비소 대신

총비소를 분석하고 있다. 일부 국내·외에서 환경 및

식품(쌀 및 해조류) 내 무기비소 분석법이 제시되고

있으나, 위해성평가에 활용 가능한 대표성이 있는 매

체별 모니터링 결과는 부족한 실정이다.

대부분의 국가에서 수질 및 토양 중의 비소에 대

한 환경기준을 설정하여 관리하고 있으며, 특히 주

요 노출경로인 먹는물과 일부 식품군에 대한 비소 기

준을 강화하고 있다. WHO, 미국, 일본에서는 먹는

물의 총비소 기준을 0.01 mg/L로 설정하였으며,

FAO/WHO의 코덱스 국제식품규격위원회(Codex

alimentarius international food standards)는 쌀

중 현미와 백미에 대한 무기비소 기준을 각각 0.35

mg/kg, 0.20 mg/kg으로 설정하였다. 우리나라도

먹는물 수질환경기준 및 먹는샘물 수질환경기준에서

총비소 기준을 0.01 mg/L로 설정하였으며, 식품의

기준 및 규격기준에서는 쌀 중 백미에 대한 무기비소

의 기준을 국제식품규격위원회(Codex) 규격과 같은

0.20 mg/kg으로 설정하였다 (MFDS 2016). 쌀을 주

식으로 하는 우리나라 국민이 쌀을 통해 섭취하는 무

기비소의 양은 조사결과 약 0.01mg으로 인체노출안

전기준 (Provisional Tolerable Weekly Intake,

PTWI)인 9.0 μg/kg/week의 13 % 수준으로 안전한

것으로 나타났으나, 먹는물 및 다른 식품군들에 의한

노출과 다른 매체나 경로를 통한 노출량 평가 및 인

체위해성평가가 필요한 실정이다.

현재까지 국내 비소에 대한 노출평가는 대기, 수질,

토양, 식품(Park et al. 2001; ME 2006; ME 2010;

MFDS 2016)등 단일 매체에서의 노출평가 연구가 대

부분을 차지하였다. 이와 같은 단일 매체 중심의 오

염원 관리는 개별 매체별로 접근함으로 인해 매체간

에 전이되는 다양한 오염 효과를 수용체 관점에서 통

합적으로 반영하기가 곤란하다. 이런 한계점을 해결

해 줄 수 있는 방법은 수용체 중심으로 오염물질이

노출될 수 있는 다매체, 다경로에 대한 노출평가를

통해서 인체에 대한 노출정보 제공 및 다양한 분석을

통해 정확한 위해성 평가를 수행할 수 있을 것이다.

국외의 경우 유럽연합(EU), 미국 환경보호청(US

EPA) 및 네덜란드 국립공중보건환경연구소(RIVM)

에서 다매체, 다경로 위해성평가 연구를 통해 수용체

중심의 환경관리 정책 수단에 활용하고 있지만(Olin

1998; Sofia 2008; Meent et al. 1995), 현재까지 국

내에서는 매체통합적 위해성평가 및 관리방안 마련

에 대한 연구는 미비한 상태이다.

따라서 본 연구에서는 비소에 대해 기존에 실시되

었던 식품에 의한 노출평가를 제외한, 다매체(대기,

수질, 토양 등), 다경로(경구, 흡입, 접촉) 시나리오

를 바탕으로 노출경로에 따른 각 매체별 노출량을 측

정하여 다경로별 비소에 대한 인체위해성평가를 실

시함으로서 사전예방적인 수용체 중심의 유해물질

관리방안 마련의 기초자료로 제공하고자 한다.

II. 연구방법

1. 인체위해성평가

1) 유해성 확인(Hazard Identification)

유해성 확인을 위한 독성자료는 주로 국외 자료

IRIS (Integrated Risk Information System), ATSDR

(Agency for Toxic Substances and Disease

Registry), RIVM (Dutch National Institute for

154 환경영향평가 제28권 제2호

06심기태(152~168)ok.qxp_환경28-2_2019  2019. 5. 3.  오전 9:21  페이지 154



Public Health and the Environment) 및 US EPA 

(United States Environmental Protection Agency)

등의 국가기관자료를 기본 자료로 사용하였으며

(ATSDR 1999, 2000; RIVM 2001; ECHA 2015), 용

량-반응평가는 US EPA 및 ATSDR의 게재 정보를

이용하였다.

2) 노출평가(Exposure Assessment)

비소의 다매체/다경로별 노출평가를 위한 노출 시

나리오는 환경부에서 제시한 위해성평가를 위한 인체

노출알고리즘을 바탕으로 흡입, 섭취, 접촉 등의 노출

로 구분하여 고려하였으며(US EPA 2004; NIER

2010; ME 2016b) 연령별로 영유아에서 성인까지

5개 그룹으로 나누어 시나리오를 작성하였다(US

EPA 2004; NIER 2010; ME 2016b) (Table 1).

노출계수는 노출경로 별로 구분하여 알고리즘에

맞게 정리하였다(Table 2). 흡입경로에 대한 노출계

수는 호흡율, 이용시간, 노출빈도 등이 요구되며, 섭

취경로는 섭취량, 흡수계수 등이며, 접촉경로는 접촉

면적, 피부흡수계수 등이다. 호흡율, 노출기간, 이용

시간에 대한 노출계수는 2007년 한국노출계수핸드

북과 2016년 어린이노출계수핸드북을 활용하여 각

각 시나리오에 맞게 연령별로 구분하여 적용하였다

(ME 2007; NIER 2016). 이용률은 2015년 보건복

지부, 2016년 행정안전부 자료, 2016년 고용노동부

자료를 토대로 각각 활동공간에 따라 연령별로 구분
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Table 1.  Exposure algorithm by exposure pathway (US EPA 2004; NIER 2010; ME 2016b)

Route Media Algorithm

Inhalation Air

                         Σ(C × IRj × UR × UT × CF × EF × ED)Eair = ———————————————— × B
                                                  BW × AT
Eair: Inhalation exposure (μg/kg-day)
C: Concentration (μg/m3)
IRj: Inhalation rate (m3/day)
UR: Utilization rate (unitless)
UT: Utilization time (min/day)
CF: Unit conversion factor (day/1440min)
B: Inhalation coefficient (unitless)
EF: Exposure frequency (day/year)
ED: Exposure duration (year)
BW: Body weight (kg)
AT: Average Exposure duration (day)

Oral

Drinking water

                                         C × IR × UR × EF × EDEoral-water = —————————— × B
                                                            BW × AT
Eoral-water: Oral exposure (μg/kg-day)
C: Concentration (μg/L)
IR: Ingestion rate (L/day)
B: Oral coefficient (unitless)

Soil & Dust

                                           C × IR × CF × EF × EDEoral-socil dust = —————————— × B
                                                              BW × AT
Eoral-soil dust: Oral exposure (μg/kg-day)
C: Concentration (μg/g)
IR: Ingestion rate (mg/day)
CF: Unit conversion factor (10-3g/mg)
B: Oral coefficient (unitless)

Dermal Hand-dust

                                           C × HA × EF × EDEdermal = ———————— × B
                                                    BW × AT
Edermal: Dermal exposure (μg/kg-day)
C: Concentration (μg/cm2-day)
HA: Hand area (cm2)
B: Dermal coefficient (unitless)
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하여 활용하였다(MOHW 2015; MOIS 2016; MOEL

2016). 노출빈도는 2015년 보건복지부, 2017년 통

계청, 2015년 초중등교육법 시행령, 2015년 유아교

육법 시행령을 인용하여 제시하였다(MOE 2015a,

2015b; MOHW 2015; MOEL 2017). 흡수계수는 국

내 문헌자료가 없는 관계로 국외문헌 US EPA (2004)

및 ATSDR (2007)에서 제시한 흡수계수를 활용하였

다(US EPA 2004; ATSDR 2007). 섭취량은 먼저 음
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Table 2.  Exposure factors with selected values

Route Parameter Unit
Value

Reference
Infants Preschool

children
School
children Teenager Adult

Inhalation

Inhalation
rate

Outdoor 

m3/day

9.49 10.4 12.7 14.8 20.7

ME. 2007,
NIER. 2016

Indoor 9.49 10.4 12.7 14.8 14.8
Activity space 4.99 8.04 – –

School – – 9.79 11.35
Office – – – – 16.0

Utilization
rate 

Outdoor 

unless

1 1 1 1 1

MOHW. 2015,
MOIS. 2016,
MOEL. 2016

Indoor 1 1 1 1 1
Activity space 0.34 0.90 – –

School – – 0.95 0.89
Office – – – – 0.48

Utilization
time 

Outdoor 

min/day

43.0 51.9 948 804 75.5

ME. 2007,
NIER. 2016

Indoor 1169 1074 41.9 39.4 1282
Activity space 228 314.1 – –

School – – 450.1 596.6
Office – – – – 258.7

Exposure
frequency

Outdoor 

days/year

365 365 365 365 365
MOIS. 2016,
MOEL. 2017,
MOE. 2015a,

2015b

Indoor 365 365 365 365 365
Activity space 287 180 – –

School – – 190 190
Office – – – – 250

Inhalation coefficient unless 0.8 0.8 0.8 0.8 0.8 ATSDR. 2007

Oral

Ingestion
rate

Drinking water L/day 0.41 0.60 0.84 0.97 1.50 ME. 2007,
KHIDA. 2015,
US EPA. 2011

Soil mg/day 118 118 50 50 202
Dust 30 60 60 60 30

Exposure
frequency

Drinking water days/year 365 365 365 365 365 ME. 2007, 
US EPA. 2004,
VDEQ. 2017,

Kim et al. 2009

Soil 365 365 365 365 365

Dust 182 182 12 12 12
Oral coefficient unless 0.95 0.95 0.95 0.95 0.95 US EPA. 2009

Dermal
Hand area cm2 258 437 641 –

NIER. 2016,
MOHW. 2011,

2012, 2013
Dermal coefficient unless 0.03 0.03 0.03 0.03 0.03 US EPA. 2004

Common
Body weight kg 10.5 20.5 41.2 59.9 63.0 ME. 2007,

NIER. 2016
Exposure duration min/day 2 5 6 6 46

ME. 2007
Average exposure duration days 730 1825 2190 2190 16790
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Table 3.  Exposure data used to derive CTE and RME

Media unit number median min max

CTE RME

RefMedian 
of 

mean

Median 
of 

maximum

Air

Outdoor

μg/m3

1,103 0.0035 ND 0.054 0.0033* 0.0086** ME. 2015

Indoor

Home
14 14 0.0050 ND

0.0037 0.077
ME. 2009

24 24 0.0024 0.0003 Park et al. 2016

Activity
space

Playground 109 0.022 ND 1.182

0.020 0.432 Yang et al. 2011
Playroom 112 0.005 ND 0.039
Day care

center 120 0.015 ND 0.434

Kindergarten 113 0.017 ND 0.918

School
40 0.431 ND 0.800

0.0024 0.013
NIER. 2012

177 0.003 ND 0.022
Kim et al. 2012

Academy 111 0.004 ND 0.022

Drinking water μg/L

60 0.314 0.007 5.49

2.01 5.49

ME. 2010
8 0.76 ND 3.61 ME. 2009

54 2.81 0.11 13.4 ME. 2006
13 2.01 0.22 6.12 NIER. 2014
56 0.0059 ND 0.043 Lim et al. 2004
59 3.49 0.10 28.1 Lim et al. 2000

1286 2.53 0.29 1.94 Lee et al. 2015

Soil mg/kg

1,000 6.07 0.00 64.8

3.50 7.72

NIER. 2016
316 6.24 0.57 54.0 NIER. 2005
186 3.50 0.84 7.72 NIER. 2008
60 6.42 0.55 21.4 ME. 2010

2010 0.87 ND 7.02
Kim et al. 20082010 0.66 ND 6.52

4047 0.59 ND 5.62

Hand-dust

School

μg/cm2

14 0.001 ND 0.002
0.001 0.003 Kim et al. 2012

Academy 16 0.001 ND 0.004

Activity
space

Day care
center 10 0.0003 ND 0.0027

0.034 0.106

K-ECO. 2010
Kindergarten 10 0.0002 ND 0.0018
Playground 5 0.028 0.005 0.124

Yang et al. 2011
Playroom 5 0.086 0.005 0.141
Day care

center 5 0.040 0.005 0.088

Kindergarten 5 0.071 0.005 0.139

Dust mg/kg

15 0.22 ND 0.97

0.16 0.97

K-ECO. 2010
15 1.75 ND 6.95
7 0.16 0.060 0.70

Yang et al. 2011
7 0.060 0.060 0.15
7 0.62 0.060 1.97
7 0.060 0.060 0.060

71 0.043 ND 1.06 ME. 2010
*The average value of raw data
**95th-percentile of raw data
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용수는 2015년 한국보건산업진흥원 자료를 인용하

여 연령별 평균섭취량을 산정하여 활용하였으며, 토

양과 먼지는 2007년 한국노출계수핸드북과 2011년

EPA 자료에서 제시된 섭취량을 활용하였다(ME

2007; US EPA 2011; KHIDI 2015). 손 접촉면적은

2016년 어린이 노출계수 핸드북에 제시된 값을 활용

하였다(NIER 2016) (Table 2).

각 매체 별 비소의 농도는 국내 모니터링 자료를

수집하여 파악하였다(Table 3). 노출평가를 위한 노

출농도 추정은 Central Tendency Estimate(이하

CTE), Reasonable Maximum Estimate(이하 RME)

로 각각 구분하여 제시하였다. CTE 값은 개별 매체

산술평균의 중앙값을 사용하였으며, RME값은 개별

매체 최대값의 중앙값을 사용하여 인체 노출량을 산

정하였다. CTE 농도는 일반인들의 평균적인 노출경

향을 의미하는 것이고, RME농도는 고노출 수준의

경향을 나타내는 평가 방법이다(US EPA 1986). 또

한 Non-detect (이하 ND) 처리방법은 노출을 최소

의 편차로 추정할 수 있는 적절한 방법 중에서 ND 값

을 “0”으로 계산하여 노출평가를 수행하였다(US

EPA 1990).

3) 위해도 결정(Risk Characterization)

비소에 대한 위해성 평가는 결정론적 노출평가기

법과 확률론적 노출평가기법으로 구분하여 산정하

였다. 먼저 결정론적 노출평가기법은 개별 노출계수

를 노출알고리즘에 직접 적용하여 노출량을 산정하

는 방법으로 위해도 분석 시 간단한 방법이지만 불확

실성과 가변성을 반영할 수 없는 단점이 있다(ME

2016b). 확률론적 노출평가기법은 몬테카를로 시뮬

레이션을 지원하는 Crystal ball (Clorado, Denver,

USA, ver 11.1.2.4.6)을 활용하여 확률분포 및 해당

분포의 모수를 입력계수로 하는 방법으로 불확실성

과 가변성을 반영하는 노출평가 기법이다(Lee et al.

2014; ME 2016b). 인체 위해도 결정은 발암위해도

(ECR: Excess Cancer risk)와 비발암위해도(HI:

Hazard Index)를 구분하여 제시하였다. 먼저 발암

위해도는 다매체/다경로에서 추정된 일일노출량

(ADD: Average Daily Dose)을 발암계수(SF: Slope

Factor)로 곱하여 초과발암위해도를 산정하였으며,

비발암위해도는 노출평가단계에서 추정된 일일노출

량(ADD: Average Daily Dose)을 독성참고치(RfD:

Reference Dose)로 나누어 위해도를 산정하였다.

각각의 비소에 대한 발암위해도 및 비발암위해도 산

정 식은 아래 식 (1)과 (2)을 이용하여 산정하였다.

ECR = ADD×SF                                                 (1)
ECR: excess cancer risk (unitless)
ADD: average daily dose (mg/kg-day)
SF: slope factor (mg/kg-day)

HI = ADD/RfD                                                   (2)
HI: hazard index (unitless)
ADD: average daily dose (mg/kg-day)
RfD: reference dose (mg/kg-day)

여기서, 독성참고치 및 발암계수값은 US EPA,

ATSDR등 신뢰도가 높은 역학자료를 적용하여 반영

하였다(US EPA 1993; ATSDR 2007; WHO 1966)

(Table 4).

II. 결과 및 고찰

1. 유해성 확인

동물실험에 따르면 비소는 발암성 물질로 마우스에
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Table 4.  Evaluation of toxic effects of receptor

Receptor Chronic toxicity effect Ref

Human Skin effect, hyperkeratosis, hyperpigmentation, skin cancer
death from cancer of lung, liver, kidney etc

DNA damage
chromosomal abnormality

atherosclerosis

US EPA 1998,
WHO 2011,

Buchet et al. 1981,
Vahter et al. 1982

Mouse
Lee et al. 1969

Jarup et al. 1991
Enterline et al. 1982
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서 동맥 경화가 유발됨을 확인한 바 있으며, 비소가

DNA와 반응하여 유전자 손상을 일으킬 수 있다고 밝

혔으며, 마우스의 lymphoma cell에서 염색체 이상을

일으키는 유발원(clastogen)임을 확인하였다(Mass

et al. 2001; Simeonova et al. 2003; Kligerman

et al. 2003). 또한 인체에 급성, 고용량 노출시(2

mg/kg/day) 환각, 정신혼돈, 두통 등의 증상과 함께

뇌증(encephalopathy)을 유발한다(Quatrehomme

et al. 1992; Ahmad et al. 1999; Uede & Furukawa

2003; Vantroyen et al. 2004). 또한 비소에 만성적

으로 노출되는 경우 과각화증과 과색소침착증과 같

은 피부 증상이 관찰되었다(Chakraborty & Saha

1987; Bickley & Papa 1989; Ahsan et al. 2006).

또한 비소는 폐암, 피부암 및 간암을 일으키는 인간

발암물질(human carcinogen)로 IARC에서 발암등

급 ‘1A’ 로 분류되었으며, 기존 선행된 역학조사에 의

하면 비소 노출이 암으로 인한 사망과 관련이 있다고

조사 되었다(Lee & Fraumeni 1969; Tokudome &

Kuratsune 1976; Enterline & Marsh 1982; Jarup

& Pershagen 1991). 따라서 유해성 확인 결과, 비소

는 피부암 및 암을 발생 시킬 수 있는 발암물질이며,

인체 노출시 호흡기관 및 소화기관 등에 영향을 줄

수 있다(Table 4).

용량-반응평가(Dose-Response Assessment)는

유해물질에 대한 수용체의 노출수준과 이에 따른 인체

에 미치는 영향과의 상관성을 규명하는 과정이다. 이

과정을 위험성 결정(Hazard characterization)이라고

도 하며, 인체에 유해물질이 노출되었을 경우 유해한

영향이 일어날 확률을 추정하는 과정이다. 초과 발암

위해도 산정을 위한 발암잠재력(SF: Slope factor, 1.5

mg/kg-day)는 US EPA (1993), WHO (1996)의 경구

섭취시 피부암 및 신장암 발생관련 역학자료를 활용하

였다. 또한 비발암위해도 산정을 위한 독성참고치

(RfD: Reference dose, 0.0003 mg/kg-day)는 US

EPA (1993), ATSDR (2007)의 경구 섭취시 피부 독성

발현과 관련된 역학자료를 활용하였다. 이때 적용된

NOAEL (No observed adverse effect level)은 0.0008

mg/kg/day, UF (Uncertainty factor)은 3을 사용하

였다(Table 5).

2. 노출량 평가

다매체/다경로별 비소의 노출량 결과를 Table 6-

8에 나타내었다. 먼저 결정론적 노출평가 결과 중

CTE값은 영유아에서 5.7E-02 μg/cm2/min로 가장

큰 노출량을 띄었으며 이어서 미취학아동 4.2E-02

μg/cm2/min, 성인 2.4E-02 μg/cm2/min, 취학아

동 2.0E-02 μg/cm2/min, 청소년 1.7E-02 μg/cm2/

min 순으로 노출량 분포를 나타내었다. RME값 적

용시 영유아에서 2.0E-01 μg/cm2/min로 가장 큰

노출량을 띄었으며 이어서 미취학아동 1.5E-01

μg/cm2/min, 취학아동 8.3E-02 μg/cm2/min, 성

인 7.6E-02 μg/cm2/min, 청소년 4.4E-02 μg/cm2/

min 순으로 노출량 분포를 나타내었다.

노출경로별로 살펴보면, 흡입경로를 통한 노출량

중 CTE값은 영유아에서 2.6E-03 μg/cm2/min로 가

장 큰 노출량을 띄었으며 이어서 미취학아동 1.8E-

03 μg/cm2/min, 성인 7.1E-04 μg/cm2/min, 취학

아동 6.4E-04 μg/cm2/min, 청소년 4.5E-04 μg/

cm2/min 순으로 노출량 분포를 나타내었다. RME값

적용시에도 영유아에서 5.2E-02 μg/cm2/min로 가

장 큰 노출량을 띄었으며 이어서 미취학아동 3.6E-

02 μg/cm2/min, 성인 1.4E-02 μg/cm2/min, 취학

아동 2.3E-03 μg/cm2/min, 청소년 1.8E-03 μg/

cm2/min 순으로 노출량 분포를 나타내었다. 특히
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Table 5.  Toxicity reference of arsenic

Critical 
toxicity End

Point for 
derivation

Uncertainty 
factor

Value
Ref

RfD SF

Dermal toxicity NOAEL: 0.0008
mg/kg-day 3 0.0003 

mg/kg-day – US EPA 1993
ATSDR 2007

Skin cancer – – – 1.5 
mg/kg-day

US EPA 1993
WHO 1966
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CTE와 RME모두 영유아의 실내활동공간에서 2.2E-

03, 4.5E-02로 흡입경로 중 가장 큰 노출량을 보였다.

경구 경로를 통한 노출량 중 CTE값은 영유아에서

4.5E-02 μg/cm2/min로 가장 큰 노출량을 보였으

며 이어서 미취학아동 3.2E-02 μg/cm2/min, 성인

2.3E-02 μg/cm2/min, 취학아동 1.9E-02 μg/cm2/

min, 청소년 1.6E-02 μg/cm2/min 순으로 노출량

분포를 나타내었다. RME값 적용시에도 영유아에서

1.2E-01 μg/cm2/min로 가장 큰 노출량을 띄었으며

이어서 미취학아동 8.6E-02 μg/cm2/min, 성인

6.2E-02 μg/cm2/min, 취학아동 5.4E-02 μg/cm2/

min, 청소년 4.2E-02 μg/cm2/min순으로 노출량

분포를 나타내었다. 특히 CTE와 RME 모두 영유아

의 먹는물에서 3.7E-02, 1.0E-01 로 경구경로 중

가장 큰 노출량을 보였다.

접촉 경로를 통한 노출량 중 CTE값은 영유아에서

1.0E-02 μg/cm2/min로 가장 큰 노출량을 띄었으며

이어서 미취학아동 8.7E-03 μg/cm2/min, 취학아
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Table 6.  Deterministic exposure assessment results

Route
Exposure dose (μg/kg-day)

Infants Preschool children School children Teenager Adult

CTE

Total exposure 5.7E–02 4.2E–02 2.0E–02 1.7E–02 2.4E–02

Inhalation

Outdoor 7.1E–05 4.8E–05 5.4E–04 3.6E–04 4.5E–05
Indoor 2.2E–03 1.1E–03 2.7E–05 2.0E–05 6.2E–04

Activity space 3.2E–04 6.1E–04 0.0E+00 0.0E+00 0.0E+00
School 0.0E+00 0.0E+00 7.1E–05 7.0E–05 0.0E+00
Office 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.4E–05

Oral
Dust 1.7E–04 1.8E–04 8.9E–05 6.1E–05 2.9E–05
Soil 7.5E–03 3.8E–03 5.3E–05 3.6E–05 1.4E–05

Drinking water 3.7E–02 2.8E–02 1.9E–02 1.6E–02 2.3E–02
Dermal Hand-dust 1.0E–02 8.7E–03 1.9E–04 0.0E+00 0.0E+00

RME

Total exposure 2.0E–01 1.5E–01 8.3E–02 4.4E–02 7.6E–02

Inhalation

Outdoor 1.9E–04 1.3E–04 1.4E–03 9.5E–04 1.2E–04
Indoor 4.5E–02 2.3E–02 5.5E–04 4.2E–04 1.3E–02

Activity space 6.9E–03 1.3E–02 0.0E+00 0.0E+00 0.0E+00
School 0.0E+00 0.0E+00 3.8E–04 3.8E–04 0.0E+00
Office 0.0E+00 0.0E+00 0.0E+00 0.0E+00 9.2E–04

Oral
Dust 1.1E–03 1.1E–03 5.4E–04 3.7E–04 1.8E–04
Soil 1.6E–02 8.4E–03 1.2E–04 8.1E–05 3.1E–05

Drinking water 1.0E–01 7.6E–02 5.3E–02 4.2E–02 6.2E–02
Dermal Hand-dust 3.0E–02 3.1E–02 2.7E–02 0.0E+00 0.0E+00

Table 7.  Probabilistic exposure assessment results

Receptor
Exposure dose (μg/kg-day)

Mean Median 95 percentile
Inhalation Oral Dermal Inhalation Oral Dermal Inhalation Oral Dermal

Infants 2.9E–03 1.5E+02 2.5E–02 1.7E–04 2.4E–01 1.6E–02 7.5E–03 1.2E+02 8.0E–02
Preschool children 1.8E–03 2.1E+02 2.2E–02 1.2E–04 1.2E–01 1.3E–02 4.8E–03 6.2E+01 6.9E–02

School children 6.5E–04 2.7E+00 4.8E–04 4.2E–04 2.7E–02 3.0E–04 1.8E–03 2.3E+00 1.5E–03
Teenager 4.8E–04 1.6E+00 0.0E+00 2.9E–04 2.1E–02 0.0E+00 1.3E–03 1.4E+00 0.0E+00

Adult 1.0E–03 5.1E+00 0.0E+00 6.8E–05 3.4E–02 0.0E+00 2.6E–03 2.8E+00 0.0E+00
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동 1.9E-04 μg/cm2/min 순으로 노출량 분포를 나

타내었다. RME값 적용시 미취학아동에서 3.1E-01

μg/cm2/min로 가장 큰 노출량을 띄었으며 이어서

영유아 3.0E-02 μg/cm2/min, 취학아동 2.7E-02

μg/cm2/min 순으로 노출량 분포를 나타내었다.

종합적으로 노출경로별 비소가 인체에 가장 많이

노출되는 경로는 경구에 의한 기여도로 57~96 %

(CTE 적용시 76~96 %)를 차지하였으며. 그 중 먹는

물이 총 노출량의 50~95 %(CTE 적용시 65~96 %)

이상으로 가장 큰 기여도를 차지하였다. 이는 기존

연구에서 보고된 대로 경구 경로 중 먹는물을 통한

기여도가 대부분의 연령 군에서 주요 노출경로로 나

타났다(Zaldivar 1977; Tokyo University. 2010).

또한 상대적으로 다른 연령 군에 비해 영유아 연령

군에서 높은 노출량이 나타났다. 이것은 체중이 낮고

체표면적이 커서 유해물질에 더 많이 노출될 수 있기

때문이며, 먼지, 실내활동공간에서의 노출 시간 등의

노출 특성에 의한 것이라 판단된다(Scheuplein et

al. 2002; Seo et al. 2013).

확률론적 노출평가 결과는 Table 7에 나타내었다.

노출경로 중 경구 경로 중 영유아군의 중앙값이

2.4E-01으로 가장 높은 노출량을 보였다. 결정론적

노출량과 비슷하게 성인을 제외하고 연령이 높아질

수록 노출량이 감소하는 경향이 나타났으며, 위 선행

연구에 언급된 체중에 따른 체표면적, 노출특성, 활

동패턴 등으로 인한 영향이라 판단된다(Scheuplein

et al. 2002; Seo et al. 2013).

확률론적 노출평가의 중앙값을 결정론적 노출평가

의 CTE값과 비교 하였으며, 확률론적 노출평가의 95

분위수를 결정론적 노출평가 결과의 RME 값과 비교

하여 Table 8에 나타내었다. 대부분의 확률론적 노

출평가의 결과는 결정론적 노출평가의 결과보다 낮

은 결과가 도출되었으며, CTE값은 확률론적 노출평

가의 중앙값과 95분위수 사이에 위치하고 있었다.

3. 위해성 결정

인체 유해성 평가 단계에서 산정된 비소의 발암력

에 노출평가 단계에서 추정된 다매체/다경로에서 추

정된 일일허용노출량을 곱하여 발암위해도를 산정하

였다. 발암 허용 위해도가 1.0 E-04보다 크면 사람

의 발암 위해 우려가 있는 것으로 판단 하였다(NIER

2014a). 비소에 대한 발암위해도는 Table 9와 같다.

먼저 CTE에 대한 발암위해도는 2.3E-05~6.7E-

05의 범위로 모든 연령 군의 전체 시나리오에서 발암

확률이 1.0 E-04을 초과하지 않아 발암 위해도 가능

성이 없는 것으로 나타났다. 반면 RME에 대한 발암

위해도는 6.4E-05~1.8E-04의 범위로써 영유아 및

미취학아동 군에서 1.3E-04~1.8E-04의 범위로

1.0 E-04을 초과하는 것으로 조사되었다. 이는 어린

시기에 노출될 경우 성인에 비해 단위 체중 당 섭취

율이 높기 때문에 동일한 노출 농도에서 일일 노출량

이 증가된 결과 때문인 것으로 사료된다(Scheuplein
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Table 8.  Exposure dose of deterministic and probabilistic approaches in the age-gender category

Receptor Value
Inhalation Oral Dermal

Deterministic Probabilistic Deterministic Probabilistic Deterministic Probabilistic

Infants
Median/CTE 2.6E–03 1.7E–04 4.5E–02 2.4E–01 1.0E–02 1.6E–02
95th/RME 5.2E–02 7.5E–03 1.2E–01 1.2E+02 3.1E–02 8.0E–02

Preschool
children

Median/CTE 1.8E–03 1.2E–04 3.2E–02 1.2E–01 8.7E–03 1.3E–02
95th/RME 3.7E–02 4.8E–03 8.6E–02 6.2E+01 2.7E–02 6.9E–02

School
children

Median/CTE 6.3E–04 4.2E–04 2.0E–02 2.7E–02 1.9E–04 3.0E–04
95th/RME 2.3E–03 1.8E–03 5.4E–02 2.3E+00 5.6E–04 1.5E–03

Teenager
Median/CTE 4.5E–04 2.9E–04 1.6E–02 2.1E–02 / /
95th/RME 1.7E–03 1.3E–03 4.3E–02 1.4E+00 / /

Adult
Median/CTE 7.1E–04 6.8E–05 2.3E–02 3.4E–02 / /
95th/RME 1.4E–02 2.6E–03 6.2E–02 2.8E+00 / /
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et al. 2002; Seo et al. 2013). 또한 국내 기존 연구

결과에서도 Shin (1994), Park (2005) 및 Jeon (2010)

의 연구결과 각각 1.07E-04, 4.7E-05 및 1.1E-05

의 결과를 나타내어 본 연구와 유사한 결과가 도출되

었다(Shin et al. 1994; Park et al. 2005; Jeon et

al. 2010).

비발암 위해도는 노출평가 단계에서 추정된 다매체

/다경로 중 비소의 농도에 비발암 독성참고치(RfD,

0.0003 mg/kg-day)를 아래 식에 따라 적용 하였고,

위해도를 산출하였다. Hazard Quotient (HQ)는 매

체별 및 경로별 노출량에 독성참고치의 비율을 의미

하며 이에 대한 합을 위해지수(HI: Hazard Index)라

한다. 일반적으로 위해지수가 1보다 크면 사람의 비

발암 위해 우려가 있다고 판단한다. CTE 및 RME에

대한 위해지수는 각각 5.4E-02~1.9E-01, 1.5E-

01~6.8E-01의 범위로 모든 연령군의 전체 시나리

오에서 위해지수 1을 초과하지 않아 비발암 위해성이

없는 것으로 나타났다.

IV. 결 론

본 연구에서 연령 군을 영유아군, 미취학아동, 취

학아동, 청소년, 성인으로 나누어 비소의 인체위해성

평가를 수행하였다. 각각 흡입, 경구, 접촉 경로에 대

한 시나리오를 설정하고 결정론적 노출평가 및 확률

162 환경영향평가 제28권 제2호

Table 9.  Estimation of cancer risks

Cancer risks
Infants Preschool children School children Teenager Adult

Oral
CTE 6.7E–05 4.8E–05 2.9E–05 2.3E–05 3.4E–05
RME 1.8E–04 1.3E–04 8.1E–05 6.4E–05 9.3E–05

Table 10.  Estimation of Non-cancer risks

Route
Hazard Quotient (HQ) & Hazard Index (HI)

Infants Preschool children School children Teenager Adult

CTE

Total exposure 1.9E–01 1.4E–01 6.8E–02 5.4E–02 7.8E–02

Inhalation

Outdoor 6.2E–04 4.2E–04 4.7E–03 3.2E–03 4.0E–04
Indoor 1.5E–01 7.8E–02 1.8E–03 1.4E–03 4.3E–02

Activity space 2.3E–02 4.4E–02 0.0E+00 0.0E+00 0.0E+00
School 0.0E+00 0.0E+00 1.3E–03 1.3E–03 0.0E+00
Office 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.1E–03

Oral
Dust 5.8E–04 5.9E–04 3.0E–04 2.0E–04 9.7E–05
Soil 2.5E–02 1.3E–02 1.8E–04 1.2E–04 4.6E–05

Drinking water 1.2E–01 9.3E–02 6.5E–02 5.2E–02 7.6E–02
Dermal Hand-dust 3.3E–02 2.9E–02 6.2E–04 0.0E+00 0.0E+00

RME

Total exposure 6.8E–01 5.0E–01 1.9E–01 1.5E–01 2.5E–01

Inhalation

Outdoor 6.2E–04 4.2E–04 4.7E–03 3.2E–03 4.0E–04
Indoor 1.5E–01 7.8E–02 1.8E–03 1.4E–03 4.3E–02

Activity space 2.3E–02 4.4E–02 0.0E+00 0.0E+00 0.0E+00
School 0.0E+00 0.0E+00 1.3E–03 1.3E–03 0.0E+00
Office 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.1E–03

Oral
Dust 3.5E–03 3.6E–03 1.8E–03 1.2E–03 5.9E–04
Soil 5.5E–02 2.8E–02 3.9E–04 2.7E–04 1.0E–04

Drinking water 3.4E–01 2.5E–01 1.8E–01 1.4E–01 2.1E–01
Dermal Hand-dust 6.2E–04 4.2E–04 4.7E–03 3.2E–03 4.0E–04
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론적 노출평가를 수행하였다. US EPA, ATSDR 등

신뢰도가 높은 역학 자료를 적용시켜 발암위해도와

비발암위해도를 산정하였다. 산정결과 CTE 및 RME

에 대한 발암위해도는 2.3E-05~6.7E-05의 범위로

모든 연령 군의 전체 시나리오에서 발암확률 1.0E-

04을 초과하지 않았으므로, 발암위해는 무시할만한

수준으로 판단된다. 반면 RME에 대한 발암위해도는

6.4E-05~1.8E-04의 범위로써 영유아 및 미취학

아동 군에서 1.3E-04~1.8E-04의 범위로 초과발암

확률 1.0E-04을 초과하였다. 비발암위해도 결과는

위해지수가 각각 5.4E-02~1.9E-01, 1.5E-01~

6.8E-01의 범위로 모든 연령 군의 전체 시나리오에

서 위해지수 1을 초과하지 않았으므로, 비발암 위해

성이 낮은 것으로 판단된다. 따라서 비소에 대한 다

매체/다경로를 고려한 위해성 평가 결과 일반 국민들

에 대한 인체 위해 우려 가능성은 낮다고 볼 수 있다.

그러나 다매체/다경로를 고려한 위해성평가 결과를

기반으로 볼 때 민감군과 취약집단은 위해가능성이

상대적으로 큰 집단인 영유아 및 미취학아동으로 나

타났으며 주 경로는 경구 경로였다. 이는 어린 시기

에 노출될 경우 성인에 비해 단위 체중 당 섭취율이

높기 때문에 동일한 노출 농도에서 일일 노출량이 증

가된 결과 때문인 것으로 사료된다. 하지만 매체통합

위해성 평가 수행시 노출자료의 한계로 인해 불확실

성이 클 것으로 예상되므로 자료의 신뢰성을 확보를

위한 상세모니터링을 통한 추가적인 실태조사의 필

요성을 느꼈으며, 또한 비소는 발암성 물질이고 유기

비소에 비해 무기비소가 건강영향과 가장 큰 관련성

을 가지고 있어 매체 별 비소 종 분리에 대한 연구 및

이에 대한 지속적인 모니터링과 같은 추후 연구가 필

요하다.

본 연구에서 활용된 매체별 비소 농도는 국내의 공

신력 있는 자료를 활용하여 일반인구 및 일반 환경에

서의 모니터링 결과를 통해 취약집단 및 민감군 파악

과 주요노출 수준/경로를 파악하기 위한 연구로서 기

존 단일매체 중심의 위해성평가와의 차별성에서 의

의가 있다. 다만 국내 보고서 및 공신력 있는 자료의

부족으로 대표성 및 신뢰성의 등 불확실성의 한계가

있었다. 향후 위해성평가에 대한 신뢰성 확보를 위해

환경 중 비소 종 분리에 대한 연구 및 지속적인 모니

터링 자료 축적을 통한 매체별 실측자료 확보, 보다

정밀한 노출시나리오와 노출평가에 필요한 노출인자

에 대해 국내자료 확보 및 독성영향 등 위해성평가의

불확실성을 최소화 하는 노력이 필요할 것으로 사료

된다.
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