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Abstract

With the expansion of industries and the emergence of new technologies, the amount and di-
versity of environmental pollutants have increased significantly. Consequently, the erosion of
historical artifacts near pollution sources has become more complex, and their deterioration—
particularly in open spaces—is expected to intensify in the future. Given the importance of
cultural heritage, a considerable portion of environmental monitoring efforts worldwide is de-
voted to identifying and assessing pollutants, evaluating their effects on historical artifacts, and
developing effective strategies to mitigate their damage. A lack of sufficient knowledge regard-
ing the impact of contaminants on stone artifacts can create serious challenges in designing and
implementing conservation strategies. Therefore, understanding and classifying the pollutants
that contribute to the erosion of historical artifacts, along with the methods used for their meas-
urement, are of particular importance. The primary objective of this review is to establish a
classification framework for different types of environmental pollutants that contribute to the
deterioration of historical stone sites and to examine the methods employed for their measure-
ment. Drawing on approximately 90 reputable research sources, this study categorizes environ-
mental pollutants into 13 main groups and qualitatively analyzes the relevant data. The findings
indicate that the nature of each pollutant determines the most suitable identification and meas-
urement techniques. Accordingly, gas sensors and detectors are among the most common and
efficient tools for monitoring certain air pollutants. Moreover, separation devices equipped with
chromatography columns are widely used for identifying and quantifying pollutant ions.
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Introduction
Environmental pollutants are among the challenges of modern life
that, in addition to causing ecological crises, particularly in devel-
oping countties, have also exposed cultural heritage to erosion and
threat (Rizzo et al., 2007). The increasing concentration of pollu-
tants, especially in urban centers and industrial areas adjacent to
monuments and heritage sites, also damages works of art. There-
fore, identifying and classifying vatious types of environmental
pollutants and examining the methods for their detection and
historical monuments is

measurement near of particular

importance. Through accurate identification and monitoring of
pollutants in the vicinity of stone heritage assets, more effective
decisions can be made to reduce environmental risks and ensure
optimal conservation. These assessments, which aim at the con-
tinuous monitoring of environmental conditions and reducing the
erosion of historical sites, play a significant role in the develop-
ment of conservation guidelines (Barbaro et al., 2007). The main
objective of this research is to provide a comprehensive classifica-
tion of environmental pollutants that contribute to the deteriora-

tion of stone heritage and to examine the methods for their
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assessment and measurement. The key research questions include
the following: Which environmental pollutants contribute to the
erosion of stone heritage? How are these pollutants categorized?
What methods exist for assessing and measuring pollutants that
affect the erosion of stone heritage?

Materials and Methods

Extensive research has been conducted on the identification and
measurement of environmental pollutants, such that in the past
two decades, more than 60% of analytical chemistry studies have
been devoted to this field. Based on these studies, various meth-
ods for the separation, sample preparation, identification, and
quantification of pollutants have been introduced (Song et al.,
1997; Baig & Sajid, 2017). In the present study, by reviewing ap-
proximately 90 reputable research soutces, environmental pollu-
tants have been classified into 13 main categories, and the related
data have been analyzed qualitatively. The pollutants examined ex-
hibit a high potential for damaging limestone, which is one of the
primary components of stone heritage. It should be noted, how-
ever, that the classification of all chemical pollutants is extremely
difficult, and at times impossible, due to the complexity of their
compounds and the technological limitations in their detection
and measurement. Some pollutants, such as nuclear waste and
long-lived radioactive compounds, due to their limited distribu-
tion, are typically not found in the vicinity of historical monu-
ments, and therefore their monitoring is not relevant in this con-
text.

Results

A review of studies published in reputable international journals
allows for the categorization of the most well-known and hazard-
ous types of environmental pollutants that significantly contribute
to the degradation of stone structures as follows: light acidic gases,
volatile chemical compounds, chemical solvents, persistent envi-
ronmental pollutants, polycyclic aromatic compounds, halogen-
ated aromatic structures, low-vapor-pressure oxidizing and reduc-
ing agents, chemical surfactants, toxins, agricultural fertilizers and
pesticides, fatty acids and oils, catalytic metal oxides, heterocyclic
species, carbazide structures, and mercaptans. These compounds
can lead to the erosion of limestone, which constitutes the primary
material in many stone monuments within historical sites. Light
acidic gases, such as sulfur dioxide, nitrogen monoxide and diox-
ide, and carbon monoxide and dioxide, are key contributors to
acid rain. Volatile compounds and chemical solvents, through the
generation of reactive species, lead to the degradation of car-

bonate matrices. Persistent environmental pollutants, over time,

result in the depletion of carbonate components from stone struc-
tures. Aromatic compounds, in the presence of sunlight and mois-
ture, release hydrochloric and hydrobromic acids, further acceler-
ating the erosion of historical monuments. Oxidizing and reduc-
ing agents can substitute structural components within limestone,
rendering it more brittle. Additionally, chemical surfactants can,
through their polar groups, extract calcium cations from car-
bonate structures. Agricultural fertilizers and pesticides are also
among the most destructive pollutants, as they can directly gener-
ate corrosive acids that damage limestone matrices (Valentini et
al., 2025; Lamichhane et al., 2016; Buurma, 2017).

Discussion

To date, a wide range of methods have been developed for the
separation, sample preparation, analyte identification, and instru-
mental measurement of environmental pollutants. Among these,
sensor-based monitoring has emerged as one of the most com-
mon and effective techniques for detecting light acidic gases such
as nitrogen, sulfur, and carbon oxides. These technologies are con-
tinuously evolving. With advancements in gas sensor technology,
it is now possible to identify and measure the concentrations of
these compounds in real time and on-site, without the need for
laboratory equipment (Zhang et al., 2018). Current research in this
field is directed toward the development of sensors that offer
faster response times, smaller dimensions, lower cost, higher sen-
sitivity, and improved reproducibility (Dong et al., 2018). The pro-
gress achieved thus far has led to the incorporation of vatrious
nanostructures as sensor substrates, including single-walled and
multi-walled carbon nanotubes, metal oxides such as zinc, tin,
tungsten, and nickel, gold nanopatticles, and carbon-based nano-
composites (Wan et al., 2017). Some researchers have modified
the basis of sensor detection to enable the measurement of gase-
ous pollutants in aqueous environments. Instead of directly mon-
itoring gases such as COg, SO3, and NOy, in the air, they detect
their corresponding ions—CO327, SO4*", and NOz —in water
samples (Ammam et al., 2010). Numerous studies have reported
the successful application of potentiometric, voltammetric, and
amperometric sensors for this purpose (Mahajan et al., 2017).

Other advanced methods for the simultaneous identification and
measurement of pollutant ions are based on separation using
chromatographic columns. In addition, several analytical methods
have been developed to identify pesticides, fertilizers, and agricul-
tural toxins, allowing for the quantification of their anionic func-

tional groups (Crompton, 1989). Among these, potentiometric
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methods are widely used for the detection and quantification of
the anions in such compounds (Telting-Diaz & Qin, 2006).
Conclusion

The findings of this study indicate that the various types of
pollutant compounds that directly or indirectly contribute to the
degradation of limestone can be classified into 13 main categories.
The selection of an appropriate method for pollutant measure-
ment depends on the nature of each specific pollutant. In many
cases, multiple techniques may be used for the identification and
quantification of a single analyte. Factors such as analytical cost,
instrument precision and sensitivity, the physical state of the ana-
Iyte (solid, liquid, or gas), and the complexity of the sample matrix
play a critical role in determining the most suitable method. For
gas measurement, sensor-based monitoring is recognized as one
of the most common and efficient techniques. Gas sensors are
continuously evolving, and today, modified nanostructures at the
nanometer scale are utilized in their design. Sensor monitoring en-
ables the direct, real-time, and location-independent detection and
measurement of airborne pollutants. In addition, ion-selective
sensors, which are also applicable in aqueous environments, can
detect and quantify airborne pollutants that have entered water
sources. Among the techniques used in this field are potentiom-
etric, voltammetric, and amperometric methods. Besides sensor
monitoring, separation-based methods such as chromatography
also play a significant role in the identification and measurement
of pollutant ions. Gas Chromatography (GC), High Performance
Liquid Chromatography (HPLC), Thin Layer Chromatography
(TLC), and Paper Chromatography (PC) are among the com-
monly used techniques in this area, allowing for precise and sim-
ultaneous analysis of pollutants. A wide range of organometallic
compounds and metal oxides, which act as catalysts in organic
chemical reactions and have harmful effects on carbonate stones,
can be identified and quantified using conventional analytical tech-

niques such as Atomic Absorption Spectroscopy (AAS).
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Jls yd (Yan etal, 1993) caily oYL ol 5 cdy a5 058" sk
ol gy 58 b K s jl (S ol Ken 9 JL HAAY
wpld S5 S cpl p0 00l A wgd |y (S A wSTed (s S0l g
Iy s pSojlul ey &S ais ool wl yiuy ylgieds dld prais) 1wsST S50
A5 VY w55 Cpiomen (Patel et al., 1994) s isy deue
ket o5 3,5 L yun |y UL 1 5 (55 (sla S (S
g5 ool ety ()795i5 slasnsT (g Sojlul g luwlid )5 s
323l b oo YT pgrdis g w8 il oLl jdess (sl s I K
(Wiegleb & Heitbaum, 1994) a5 sdlaw] ¢y sile 3136 51 Sl
olyeds G Olals jlaSles 90 lp S 5l 5l
o3l oo pawn plgisds (oginan (sbyyerdy I oaip Mol culg Sl
aS 0dgr slojlasla oo opl p> aa_dplos] slacd, dw Ales S
aloxjlenilasd) IS & b Sws i plgisds (oo sl Ll
& eggy wilo (535 (slannST wo)lgnix g 0))93 ST ()8 cbadglyil
Wan et al., ) 0,5 ;s gl o Mo &l)deil ¢ S g yiuSs
(8 ygmmmis by .(201 8; Cichosz et al., 2018; Villarreal et al., 2017
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5 03958 S1ed 5 5ige 0,555 AuSlied il gl ity b S
9 1% bS5 it sl b (ol Jelge 51 ()8 3803 5 g
il co 5 cage ud STy ladieS W L ol Gl M
Bl el i SYsb o (e Hlul GluSy s 5 o Sl)S
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4 9 03,5 3lj1 Seogpgpen bl 5 189,00 sl gl 5 455
b 155155 o oialS’ 5 o] LS 5 S o a8 ey BT ol
Jias osisl oolge 1y o] o Sal corw cla )bl )3 il
kb slaise b 5l olerb SlacilSs s pl p ogMle aiS
5 L3gS S e (Sl ) slajlis Lo Sl el (1951 Al55 o0 095
2555 50 45 Wgd oo gmno Wory W (s S oo | 55 (655l pgans
Loy ol (Sl Gl 2 5 03,5 Mgs 0355 (Sl lositns

ol T gles )3 o] x5 otV glgl ad> calis |
5 et ©l )bl il Gl 655 Slareal Glgice ((Kw
bl LinlS 4 s plidl oyl 5,8 3l BT ol ) ding s
g, 55 (Sidyp e ] Colias & 48k 1S o (Sa lmoaty ¥}l b
9 tlwlid (ol (lod S Cliios (9 At o0 (5 5 Jgine
sl o gite slabyy g 01 ploml e s slaost Yl (5 ,Sojlul
byme (BB (650518l g culbl Hlulis wiges (gjlwoslel ¢ gjlulis
Canlo a4 bosus YT (6,505l (el cwlio by, ol .ol sa
Cilise SESS cptiz @)lge Sl (Sl ) 20 (K 22T 4550
st delge anl o3lias] b5 ol (K, 58l 5 i (ol
b @le chols) bl (038 Comle 0lSind ool 5 <85 LT 4z ja
bl G5 lio 09y (e 53 diged ppile (S Oliee 5 (I
5,0

5 o dehie J (S plgisd g il S o
s (G55 slo S e 5 S 355 o AL o) ( 5el S
el U 01z Moo! (gl 5 Lsgil 51 090l 5 Sitaus dxaogs Jl 53 phio
1) Sl gl (5 pgmmins ialy 250 03l sl (2o )3 (5 20530
5 Ghland (oidtne ©ygiods Ism )3 0yttt (oo, VT &S 30 00 w3
sl S ol 2 ogMe X9 5 (5 Sojlul g (plwli s S a5
leosty V1 Al o iyl 0,8 5o ol slalaze 3 48 (S0
dlasj) 08 S0l g oLwlid |y ok T golie 250y 45 oo
8 yraga—eily Sloby) 4 Olgicen 0jo ol 53 0dlaiwl 3)50 sla b,

Sl 59y (8 yg—mi (ol y oMo 55 o)Ll (g tag el 9 (g pteldy

a5 (Pulse polarography) 353, oIl sLaiss,
Jacobsen & Lindseth, 1976; Krouska ) 5,8 oLl (Potentiometry)
(etal, 2017

5 LS g plwli b ly (oaasie gl o Lot
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&S ol g,y (b opl b (Crompton, 1989) %55l so waly3 |y ol
6uLa.n u)‘ )0 Awd )JCJ‘) 6).3)‘.) d)}b)l_u) .))Slo.c 9 )».og M)h
SpSoilal g (plwlid (sl 03w job 4 (g ptoge iy slasdy,
Telting-Diaz & ) 3ipS 0 5,3 o3t wl 3y0 SluS 5 oyl (slogyou]
bl selym (glod s wlados (et VA0 Lo 31 .(Qin, 2006
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