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Reliable assessment o f the health and environmental risk associated with the use o f chemicals is critical to ob­
jectively evaluate the greenness and whiteness o f an analytical method. An objective and useful way o f risk 
assessment should take into account all the relevant properties o f used substances, their actual amounts needed 
for application o f the method, and quantify the assessment result using a standardized unit. This article presents 
a relatively simple approach to meet the above requirements, which we call the Chloroform-oriented Toxicity 
Estimation Scale (ChlorTox Scale). The risk posed by a given substance is expressed by the ChlorTox value, and 
the sum o f the values obtained for all reagents is the overall risk posed by the method (Total ChlorTox). The 
ChlorTox value is calculated by comparing the hazards for the substance being assessed to the standard -  chlo­
roform, using the approach selected by the user as optimal, taking into account the amount o f a pure substance 
needed for single analysis. The ChlorTox unit is the equivalent mass o f chloroform which reflects the estimated 
degree o f predicted risk. This tool can be used for risk assessment in laboratories o f various profiles.

1. In tro d u c t io n

Th e m ain  challenges fac in g  analytical chem istry today as a science 

and fie ld  o f  human activ ity  include the need to fo llo w  and im plem ent 

the ideas o f  Green A nalytica l Chem istry (G A C ) and W h ite  Analytica l 

Chem istry (W A C ). G AC  tends to reduce the im pact o f  analytical m eth­

ods on the natural environm ent and their users [1 -3 ] , w h ile  W A C  tends 

to reconcile the greenness w ith  unbiased functionality  (analytica l per­

form ance and practica lity ) [4 ] . Taking in to  account the huge number

o f  d iverse laboratories perform ing chem ica l analyzes a ll o ver the w orld , 

the actual scale o f  this challenge seems ve ry  la rge [5 ] .

There are several param eters determ in ing the greenness o f  m ethods 

used in the chem ical laboratory [6 ] . One o f  them  is the energy dem and 

related to  pow erin g  research equ ipm ent and laboratory  infrastructure, 

w h ich  results in carbon d iox ide em ission. Its im portance has been dis­

cussed in a paper recently  published in Green Analy tica l Chem istry [7 ] . 

The present article focuses on another criterion, w h ich  undeniably, plays 

the fundam ental ro le  in GAC. It can b e  ca lled  “ chem ical risk” , and its
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meaning is indeed quite broad. It consists o f a number o f factors, such 
as the risk o f transport and storage o f the substance, the risk o f toxic 
effects on the method’s user during unavoidable contact, the risk o f un­
planned contact due to an unforeseen emergency situation, the risk o f 
release o f the substance into the environment during the routine use o f 
the method or emergency situation causing contamination o f biosphere, 
as well as the risk associated with the process o f storage and disposal 
o f the generated waste. A ll these risks are determined by the severity 
o f specific hazards posed by chemicals and the exposure dependent on 
their quantity.

It is obvious that the use o f dangerous substances in chemistry can­
not be completely eliminated in a short term, nevertheless, effort can be 
made to increase the awareness o f hazards related to their utilization, 
and to search for less toxic alternatives. The observed rapid growth o f 
interest in such efforts is very encouraging [5 ]. The toxicity o f chemi­
cals used and their amounts are quite often discussed in the present lit­
erature, especially when publishing new analytical methods. They are 
considered by the popular greenness and whiteness metric tools [8 -16 ], 
however, their assessment is simplified and based on some important 
generalizations. Undoubtedly, only an approach taking into account the 
detailed characteristics o f hazards for the assessed substance, as well as 
its accurately estimated quantity, can allow  for an objective assessment 
o f risk and method evaluation.

Unfortunately, there is no ideal way o f quantifying and expressing 
the overall hazard posed by various chemicals that would allow for the 
reliable and simple risk assessment. The fact is that the more accurate 
and objective w e try to be, the more complicated the model w ill become 
and the more difficult w ill be its smooth implementation. Choosing the 
right approach can therefore be a non-obvious and disputable matter. 
On the other hand, it seems advisable to unify the assessment procedure 
and develop one standard protocol o f method evaluation that would al­
low  comparisons o f methods to be made more transparently and on a 
larger scale. In addition, it seems advisable to introduce a unified unit 
o f chemical risk assessment that would facilitate its visualization and 
interpretation. Such common unit would also allow  to establish the re­
quirements that a given type o f method must meet in order to be classi­
fied as “ formally” green. In the future, such parameter could be included 
in the pool o f mandatory validation criteria.

2. ChlorTox Scale

In this article w e would like to present a novel indicator o f chemical 
risk, which partially eliminates the aforementioned limitations. W e call 
it Chloroform-oriented Toxicity Estimation Scale (ChlorTox Scale). The 
key assumption is to refer to the reference substance which w e selected 
for this purpose -  chloroform. It is a well-known and thoroughly tested 
chemical substance in terms o f toxicity and safety, which poses many 
potential hazards o f  various nature to the user and the environment, 
therefore it requires the use o f adequate personal protective equipment, 
hazard prevention and detailed characterization in readily available risk 
assessment sheets. In addition, chloroform is offered by many differ­
ent manufacturers, and thus there are many different sources o f data 
on its properties in the form o f safety data sheets, which are regularly 
updated.

The basis o f our approach is to estimate the overall chemical hazard 
for the substance-of-interest (CHsub ), and refer it to the overall chemical 
hazard posed by the standard -  chloroform (CHchcì3). Secondly, it is 
required to reliably calculate and consider the mass o f the substance-of- 
interest needed for a single analysis/measurement (m  sub ):

(1)

CH.ub/CHchcì3 represents a relative hazard o f  using the assessed sub­
stance in relation to chloroform, assuming the same mass-to-volume 
concentration o f both chemicals. The ChlorTox values characterizing 
different substances can be added together to express the total chemical 
risk predicted for the whole method (Total ChlorTox).

The ChlorTox value has a purely theoretical meaning, it is not di­
rectly reflected in reality, but it indicates the general scale o f potential 
risk. For example, a method with a Total ChlorTox value o f 1 g poses a 
risk which is analogous to a method using 1 g o f pure chloroform per 
one analysis as the only dangerous chemical reagent. Similar approaches 
to the theoretical expression o f risks for the selected group o f  contami­
nants, based on toxic equivalency factors, are already known, and used 
in environmental toxicology [17,18] .

When estimating the mass o f the reagents used, the conversion to the 
pure (most concentrated) form should always be performed. For major­
ity, pure form w ill mean 100% content o f a given chemical compound. 
In some cases this w ill mean a lower content, for example for ammo­
nium hydroxide (ammonia water) the highest achievable concentration 
is about 35%, and for hydrochloric acid 36%.

It crucial to realize that performing o f even single analysis (mea­
surement) may require preparation o f instruments, calibration o f the 
method, and rinsing o f instruments after the measurements are com­
pleted. The appropriate amounts o f reagents required for these steps 
should be taken into account to avoid underestimation o f risk for a 
whole method. On the other hand, assuming a need for preparation and 
calibration o f the method only for one measurement may lead to the 
opposite effect -  overestimation o f risk. Each methodology has its own 
specifics, thus the number o f measurements that can be performed in a 
consecutive series after preparation and calibration varies significantly. 
Therefore, w e propose to use the follow ing formula for estimating the 
mass o f the substance needed for single analysis (m  ub ):

(2)

Where the ChlorTox value, expressed in the mass o f chloroform [g ], re­
flects a degree o f chemical risk associated with the substance-of-interest, 
taking into account its properties (hazards) and the amount used.

Where mN is the mass o f the substance consumed directly when perform­
ing a series o f N  consecutive analyses, and m’ is the mass o f the substance 
consumed when performing additional mandatory steps, like calibration 
and rinsing (not direct sample processing). N  should reflect the longest 
possible series without a need for performing additional steps, providing 
expected (unbiased) quality o f results. The N  value should characterize 
the particular methodology and be the same for all reagents used at the 
same stage o f analytical procedure. Extractions and other sample prepa­
ration methods may have own N  value, depending on their characteris­
tics. In the case o f substances used only in direct sample processing (its 
preparation or analysis), m ’ equals zero. In the case o f substances used 
only at additional steps, e.g. solvents used only to rinse the equipment, 
mN equals zero.

In the case o f liquids and gasses, it may be necessary to convert their 
measured volume to mass using the density value. In the case o f liquids, 
densities are easily available as it is the basic physical parameter. Ex­
ceptionally, i f  the relevant data are not available, w e propose to take 
the density o f  another substance very similar in terms o f properties, or 
ultimately, the density o f  water, i.e. 1 g/mL.

In the case o f gasses, accurate measuring o f mass may be technically 
difficult. One should also remember about different specificity o f the 
hazards posed by them. They are often associated only with their high 
compression in cylinders or deep refrigeration, not chemical reactiv­
ity. These are physical hazards. Because the ChlorTox Scale is aimed at 
assessing typically chemical risk, the hazards associated with the explo­
sion o f non-inflammable chemicals or cryogenic burns and injury caused 
by extremely low  temperature (hazards denoted in safety data sheets as 
H280, H281, H284) should not be included in the assessment. Neverthe­
less, gasses must be included i f  they exhibit toxic, flammable, or oxidiz­
ing properties resulting from their chemical nature. Then, performing 
the appropriate approximation o f their mass consumed for analysis is 
advised.

mN  +  m' 
mSub =  ^

C H sub
ChlorTox =  — ----------- msub

^ n CHCl3



In the case o f  n ew ly  deve loped  and com m on ly  unknown chem ical 

reagents, access to key data de fin in g their properties m ay b e  im possi­

ble. In such a situation, it is recom m ended to assess the hazards in a 

sim p lified  w ay , fo r  exam ple by  referring to  other substances w ith  a sim ­

ila r chem ical structure, better described in terms o f  properties.

To  fac ilita te  the use o f  the C hlorTox Scale, the analyte standards 

used in the m ethod ca libration process do not need to be included in 

the assessment process, i f  their in fluence on the To ta l C h lorTox va lue 

is neglig ib le. The sam e applies to the solvents used to prepare standard 

solutions. I f  their amounts are n eglig ib le, om itting  them  from  the assess­

m ent w ill  not sign ificantly  a ffect the final outcom e. W e  propose to make 

the assumption that standards and solvents fo r  their preparation can be 

om itted  i f  the resulting C h lorTox va lu e does not exceed 0.1 g. It should 

be taken into account h ow  m any calibrations and sam ple measurement 

can b e  perform ed w ith  the prepared standard solutions (accord ing to 

Eq.2, this factor d irectly  affects the resulting C h lorTox va lu e). A cco rd ­

ing to our general predictions, this condition  should be m et in most 

cases and standard solutions could usually be excluded from  the assess­

ment. M oreover, in most cases, d ifferen t m ethods fo r  the sam e purpose 

w ill  requ ire the preparation o f  a com parable set o f  standards, therefore 

this factor w ill  not be relevan t in com paring m ethods and iden tify ing 

sign ificant differences betw een  them.

W ater as a com p lete ly  safe substance is b y  de fin ition  not included 

in the assessment. I f  the preparation o f  w ater or aqueous solutions w ith  

appropriate characteristics requires the use o f  chem icals, they should 

obviou sly  b e  included as separate reagents. O ther substances w ith  a m i­

nor contribution to  the C h lorTox va lu e should not be excluded from  the 

analysis, as this in form ation  m ay b e  im portant in  com paring methods 

and iden tify ing reagents w orth  and not w orth  rep lacing fo r  risk m in i­

m ization.

Im portantly, Eq.1 does not ind icate the m odel o f  estim ating the v a l­

ues o f  CH ub and CHCHCl3 , in other words, it g ives the freedom  o f  choos­

ing the optim al hazard estim ation approach. D epend ing on the situa­

tion, it m ay d iffe r  in type o f  input data, m athem atical structure, and 

the degree o f  com plexity. Nevertheless, it is essential to use the same 

m odel fo r  the chem ical under consideration and the ch loro form  used as 

a standard fo r  assessing that chem ical. The lack o f  im posing rig id  gu ide­

lines enables find ing the best com prom ise betw een  meticulousness and 

user-friendliness in va ried  situations, furtherm ore, m ay stim ulate the 

evo lu tion  o f  hazard estim ation m odels dedicated to ChlorTox Scale in 

the future.

3. H a za rd  assessm ent m o d e ls

3.1. Weighted hazards number (W H N )

T o  facilita te  rap id evaluation  o f  the m ethod using the ChlorTox 

Scale, w e  have deve loped  a sim ple m odel fo r  quantify ing general chem ­

ical hazard, ca lled  the W eigh ted  Hazards Num ber (W H N ). It consists in 

searching fo r relevan t in form ation  on the hazards posed by  g iven  chem ­

ical reagents in public ly  ava ilab le  safety data sheets, presented in the 

com m on ly  used G lobally  H arm on ized System  o f  C lassification and La­

be ling  o f  Chem icals (G H S) form at. The GHS form at w as deve loped  and 

established b y  the U nited Nations at the beg inn ing o f  the 21st century. In 

accordance w ith  the general d irective, hazards are iden tified  on the basis 

o f  the com m on ly adopted guidelines and m arked w ith  the appropriate 

w ord  and picture code (p ic togram s) in the safety data sheets, using le t­

ter "H" fo llow ed  by  a num ber to po in t ind ividual hazard. This system 

covers hazards associated w ith  storage and transport, d irect health haz­

ards (poisoning, chem ical burns, irritation, carc inogen ic ity ) and en vi­

ronm ental hazards (im pact on m odel species o f  m icroorganism s, plants, 

and anim als). In addition, there are categories denoting the degree o f  

hazard, the number o f  w h ich , depending on the type o f  hazard, ranges 

from  1 to 4. Category 1 means the highest degree o f  hazard (th e greatest 

potentia l danger), w h ile  4 the least. This in form ation  is a lways presented 

in the Section 2 (Hazards iden tifica tion ).

For exam ple, fo r  ch loroform  o ffered  b y  S igm a-A ldrich one can find 

the fo llow in g  in form ation  [1 9 ]: A cu te toxicity , Oral (C ategory  4 ), H302. 

A cu te tox icity , Inhalation (C ategory  3 ), H331. Skin irritation  (C ategory

2), H315. Eye irritation  (C ategory  2A ), H319. Carcinogen icity  (C ate­

gory  2), H351. Reproductive tox ic ity  (C ategory  2), H361. Specific target 

organ tox ic ity  - single exposure (C ategory  3 ), Central nervous system, 

H336. Specific target organ  tox ic ity  - repeated exposure, Oral (C ategory  

1), L iver, K idney, H372. Short-term  (acu te ) aquatic hazard (C ategory

3), H402. Thus, n ine hazards in total have been identified , o f  w h ich  

one is ca tegory  1, four are ca tegory  2, three are ca tegory  3 and one is 

ca tegory  4.

In the W H N  approach, the overa ll hazard o f  the substance-of-interest 

(C H  ub )  is determ ined as the sum o f  the hazards iden tified  in the 

Section 2 o f  the safety data sheets (GHS fo rm at), w ith  w eights reflecting  

the degree o f  potentia l danger (hazard ca tegory ): 1 fo r  ca tegory  1, 0.75 

fo r  ca tegory  2, 0.5 fo r  ca tegory  3 and 0.25 fo r  ca tegory  4:

(3)

W here N c at is the number o f  hazards o f  a g iven  ca tegory .

For ch loroform , accord ing to the data prov ided  in safety data sheet 

supplied b y  S igm a-A ldrich  [1 9 ], the CHs ub va lu e should be calculated 

as:

The procedure fo r  estim ating the CHs ub va lu e accord ing to  the W H N  

m odel is also illustrated in F ig. 1.

Because in the C h lorTox Scale ch loroform  plays the ro le  o f  universal 

standard fo r estim ating re la tive  hazard o f  other chem icals, this va lu e 

should be used in Eq.1 as CH CHCl3 .  In consequence, the re la tive  hazard 

characterizing the substance-of-interest w ou ld  b e  defined  as:

(5)

Thus, a substance w ith  a CH ub va lu e less than 5.75 w ill  be in theory 

less hazardous than ch loroform , and greater than 5.75, m ore hazardous. 

A  substance h a lf as hazardous as ch loro form  should have this va lu e close 

to 2.9, etc. It is also w orth  noting that the CHCHCl3 va lu e m ay be d iffe r­

ent i f  choosing a d ifferen t supplier o f  safety data sheets (d iffe ren t than 

S igm a-A ldrich ). It should be taken in to  account that the GHS system is 

still re la tive ly  new  and a llow s som e flex ib ility  in interpreting the fo r­

m al guidelines related to hazard identification . Therefore, the potentia l 

discrepancies observed betw een  various manufacturers can b e  expected.

To ensure re liab le assessment w ith  the W H N  m odel, our recom m en­

dation is to  select one preferred safety data supplier fo r  the w h o le  assess­

m ent process. To  keep transparency, its nam e should alw ays be g iven  

in the assessment description. The selected supplier should a llow  fo r 

hazard assessment o f  as m any reagents as possible. It should also pro­

v id e  data fo r  ch loroform . The resulting CHCHCl3 va lu e should be used 

consistently fo r  assessing rela tive  hazards o f  a ll reagents.

N oticeab ly , d ifferen t manufacturers o ften  have the sam e supplier o f  

safety data, and this helps to m aintain data consistency (check the in ­

form ation  presented in  Section 1 o f  GHS safety data sheet about data 

supplier). M oreover, it is a lways recom m ended to re fer to  the m ost up­

dated version  o f  sheet ava ilab le. One should also ve r ify  each tim e i f  the 

data re fer to  the right fo rm  o f  substance (the fo rm  to w h ich  the va lue 

o f  m .ub used in  Eq.1 refers). For reagents fo r  w h ich  the selected sup­

p lier does not p rov ide  any up-to-date sheet prepared in GHS form at, w e  

recom m end using m ost updated safety data sheet prov ided  b y  other sup­

pliers. In order to find all required in form ation  ve ry  quickly, the search 

engine ava ilab le  on the chem icalsafety.com  [20 ] or other websites can 

be used.

3.2. CHEMS-1

The CHEMS-1 m odel w as orig ina lly  used to assess chem ica l risk 

in industry [2 1 ], afterwards, in 2015 it w as used by Tobiszew sk i and

C H sut =  l  • N catl +  Os 75 • N cat2 +  0  5 ' N cat3 +  0 • 25 ' N cat4

C H sub =  l  • l  +  0 . 75 • 4 +  0 . 5 • 3 +  0 . 25 • l  =  l  +  3 +  l. 5 +  0 . 25 =  5 . 75 (4)

C H sub =  C H sub 

C H c h c ,3 5.75



Nam iesnik fo r  a deta iled  characterization o f  organ ic solvents com m on ly 

used in analytical laboratories [2 2 ].

CHEMS-1 param eterizes chem icals based on the fo llow in g  factors: 

ora l tox ic ity  towards rodents (H V ORAL), inhalation tox ic ity  towards 

rodents (H V .nh), carcinogen icity  (H V CAR ), other hazardous effects 

(H V he ), aquatic acute tox ic ity  (H V FA ), aquatic chronic tox ic ity  (H V FC ); 

and param eters related to exposure: b iodegradab ility  (H V BOD ), h ydro ly ­

sis (H V hyd ), b ioconcentration  (H V BCF)  and vo la t ility  (H V v o l  )  [2 2 ]. H az­

ard and exposure values range from  0 (lack  o f  toxicity/exposure) to 5 

(m axim al toxicity/exposure). CHEMS-1 provides CH .ub va lu e expressing 

all abovem entioned properties o f  the assessed chem ical, as the product 

o f  the sum o f  hazards related to tox ic ity  b y  the sum o f  exposure factors 

(E q .6 ). It means that the w orst va lu e is 600, w h ile  the best is 0 (non toxic 

substance, like w ater):

(6)

A ccord ing  to  CHEMS-1, the CHs ub va lu e characterizing ch loro­

fo rm  amounts to 103.8. Hence, the re la tive  hazard characterizing the 

substance-of-interest is defined  in the CHEMS-1 m odel as:

(7)

[3 6 ]. The fram ew ork o f  the CHEMS-1 m odel was the same as in 

the previous w ork  b y  Tobiszew sk i and Nam iesnik [2 2 ]. The CHEMS- 

1 m odel w as selected upon the assumption that it enables a m ore 

accurate and deta iled  description o f  hazards than a sim ple W H N  

m odel.

The m ethods w ith in  the groups d iffered  sign ificantly  in the extrac­

tion techniques used. Input data on the amount o f  reagents w ere  ob ­

tained d irectly  from  the text o f  articles, upon consultation w ith  authors, 

or based on estimates supported b y  our laboratory  experience. The de­

tailed  data on the assessment o f  ind ividual reagents used b y  these m eth­

ods are presented in Tab le 1 (b io log ica l sam ples) and Tab le 2 (en v iron ­

m ental samples), w h ile  the overa ll com parison o f  ind ividual methods in 

terms o f  the To ta l C h lorTox values, in relation  to the W H N  and CHEMS-1 

hazard m odels, is presented in  Fig. 2 .

As shown in Fig. 2A , the overa ll com parison o f  m ethods fo r  analyz­

ing b io log ica l m ateria l in respect to  the To ta l ChlorTox values is very  

sim ilar fo r  the sim ple W H N  m odel and the m ore advanced CHEMS-1 ap­

proach. Both m odels ind icate the LLE/HPLC and M AE/HPLC methods 

as d e fin it ive ly  the w orst. Their total risk has been estim ated at about 

5 -6  g  o f  ch loro form  per one sam ple m easurement. The order o f  the 

other m ethods in the ranking is also the same fo r  both  m odels. The third 

w orst m ethod is MAE/UHPLC-M S, the fourth is DBS-MAE/UHPLC-MS, 

the fifth  is MEPS/UHPLC-MS, the sixth is DI-SPME/UHPLC-MS, and the 

best o f  all is DBS-MAE/CE-MS. The reason fo r  such a good  assessment 

is the use o f  cap illa ry  electrophoresis as a separation technique instead 

o f  liqu id  chrom atography, w h ich  is characterized b y  a n eg lig ib le  use o f  

reagents [37,38] .

In the case o f  environm enta l analysis m ethods (Fig. 2B), the o ver­

a ll picture is also sim ilar fo r  both hazard m odels, how ever, the ranking 

order is no longer identical. Both m odels ind icate SS-LPME/GC-MS as 

the w orst m ethod, w ith  the To ta l C h lorTox va lu e close to 4 g, w hich 

is sligh tly  less than in the case o f  the w orst m ethods o f  b io log ica l m a­

terial analysis. The W H N  m odel shows SPE-DLLME/GC-MS as the sec­

ond po ten tia lly  dangerous m ethod and RSE/GC-MS as the third, but 

the d ifference is v e ry  small. The CHEMS-1 m odel c learly  indicates the 

RSE/GC-MS m ethod as the second worst, and SPE-DLLME/GC-MS as 

the th ird worst. Further positions o f  the ind ividual m ethods in the com ­

parison are a lready consistent fo r  both  m odels. The best assessed m ethod 

is D I-SPM E/GC-MS, w h ich  is the on ly  one characterized b y  a zero Tota l 

C h lorTox va lue, i.e. no chem ica l risk identified . The reason is the envi-

Fig. 1. General scheme for finding key information in the safety data sheet using the example o f chloroform (Sigma-Aldrich).

C H sub =  ( H V q r a l  +  H V i n h  +  H V c a r  +  H V h e  +  H V f a  +  H V FC) 

• (H V BOD +  +  h v b c f  +  f l r F O i)

=  C H sub 

C H c h c ,3 l03 . 8

N otew orthy, due to the d ifferen t structure and fram ew ork, CHs ub va l­

ues obtained w ith  the W H N  and CHEMS-1 m odels cannot be d irectly  

com pared. Comparisons can be h ow ever m ade fo r  the rela tive  hazard 

values (CHs ub /CHCHCl3 ), to analyze the overa ll consistency o f  m odels.

4. E va lu a tion  o f  s e le c te d  m eth od s

The C h lorTox Scale w as applied  to assess and evaluate 14 an­

a lytica l methods be long ing  to  tw o  groups that d iffe r  in specific ity  

and research techniques used. The first group included seven m eth­

ods o f  analyzing b io log ica l m ateria l fo r  selected psychoactive com ­

pounds [2 3 -2 8 ], the second group included seven m ethods o f  analyz­

ing w ater samples fo r  pesticides [2 9 -3 5 ]. The assessment w as con­

ducted in paralle l using tw o  hazard m odels m entioned before , the 

sim ple W H N  approach, and the m ore com p lex  CHEMS-1 approach. 

Sigm a-A ldrich  w as used as the preferred supplier o f  safety data sheets. 

To  apply CHEMS-1 m odel, additional sources o f  data w ere  applied



Table 1
Comparison o f seven analytical methods for determination o f selected psychoactive drugs in biological samples, in terms o f the relative hazards in respect to 
chloroform (CHs ub /CHCHCl3 ) obtained using the WHN and CHEMS-1 models, in terms o f the mass o f individual reagents used for one analysis (ms ub ), and in terms o f
the ChlorTox values indicating the degree o f predicted chemical risk.

Method Stage Compound Relative hazard 
(WHN)

Relative hazard 
(CHEMS-1) [mg]

ChlorTox
(WHN)
[g]

ChlorTox
(CHEMS-1)
[g]

LLE/HPLC LLE extraction Sodium hydroxide 0.61 0.19 72.0 0.04 0.01
[23] n-Hexane 0.78 0.78 3 406.0 2.67 2.67

Isoamyl alcohol 0.52 0.25 40.5 0.02 0.01
Phosphoric acid 0.57 0.50 94.0 0.05 0.05

HPLC Analysis Acetonitrile 0.39 0.26 8 331.6 3.26 2.15
Phosphoric acid 0.57 0.50 131.6 0.07 0.07
Diethylamine 0.87 0.66 35.4 0.03 0.02

MAE/HPLC MAE extraction Sodium hydroxide 0.61 0.19 72.0 0.04 0.01
[23] n-Hexane 0.78 0.78 4 054.5 3.17 3.18

Isoamyl alcohol 0.52 0.25 48.6 0.03 0.01
Phosphoric acid 0.57 0.50 94.0 0.05 0.05

HPLC analysis Acetonitrile 0.39 0.26 8 331.6 3.26 2.15
Phosphoric acid 0.57 0.50 131.6 0.07 0.07
Diethylamine 0.87 0.66 35.4 0.03 0.02

MEPS/UHPLC-MS MEPS extraction Phosphoric acid 0.57 0.50 94.0 0.05 0.05
[24] Diethylamine 0.87 0.66 49.5 0.04 0.03

Methanol 0.57 0.15 506.9 0.29 0.08
Formic acid 0.57 0.41 427.0 0.24 0.18
Ammonia water 0.91 0.80 17.6 0.02 0.01
Ammonium formate 0.13 0.22 25.0 0.00 0.01
Acetonitrile 0.39 0.26 19.7 0.01 0.01

UHPLC-MS Acetonitrile 0.39 0.26 841.0 0.33 0.22
analysis

DBS-MAE/CE-MS DBS-MAE Acetic acid 0.43 0.02 105.0 0.05 0.00
[25] extraction Sodium hydroxide 0.61 0.19 72.0 0.04 0.01

CE-MS Sodium hydroxide 0.61 0.19 0.0 0.00 0.00
Methanol 0.57 0.15 6.1 0.00 0.00
Acetic acid 0.43 0.02 1.1 0.00 0.00
Isopropanol 0.35 0.07 18.7 0.01 0.00
Formic acid 0.57 0.41 0.0 0.00 0.00

DBS-MAE/UHPLC-MS DBS-MAE Sodium tetraborate 0.30 0.12 15.0 0.00 0.00
[26] extraction Hydrochloric acid 0.61 0.15 59.0 0.04 0.01

Ethyl acetate 0.35 0.07 3 157.0 1.10 0.22
Formic acid 0.57 0.41 12.2 0.01 0.01

UHPLC-MS Formic acid 0.57 0.41 36.6 0.02 0.02
analysis Acetonitrile 0.39 0.26 1 572.0 0.62 0.41

MAE/UHPLC-MS MAE extraction n-Hexane 0.78 0.78 2 593.8 2.03 2.03
[27] Isoamyl alcohol 0.52 0.25 32.4 0.02 0.01

Formic acid 0.57 0.41 0.0 0.00 0.00
Methanol 0.57 0.15 633.6 0.36 0.10
Acetonitrile 0.39 0.26 39.3 0.02 0.01

UHPLC-MS Isopropanol 0.35 0.07 15.7 0.01 0.00
Formic acid 0.57 0.41 0.0 0.00 0.00
Acetonitrile 0.39 0.26 1 197.1 0.47 0.31

Di-SPME/UHPLC-MS DI-SPME Acetonitrile 0.39 0.26 62.9 0.02 0.02
[28] Methanol 0.57 0.15 657.4 0.37 0.10

Formic acid 0.57 0.41 0.0 0.00 0.00
UHPLC-MS Formic acid 0.57 0.41 0.0 0.00 0.00

Acetonitrile 0.39 0.26 1 434.5 0.56 0.37

LLE/HPLC - liquid-liquid extraction with high performance liquid chromatography; MAE/HPLC - microwave assisted extraction with high performance liquid chro­
matography; MEPS/UHPLC - microextraction on packed sorbent with ultrahigh performance liquid chromatography; DBS-MAE/CE-MS - dry blood spot and microwave 
assisted extraction with capillary electrophoresis coupled with mass spectrometry; DBS-MAE/UHPLC-MS - dry blood spot and microwave assisted extraction with 
ultrahigh performance liquid chromatography coupled with mass spectrometry; MAE/UHPLC-MS - microwave assisted extraction with ultrahigh performance liquid 
chromatography coupled with mass spectrometry, DI-SPME/UHPLC-MS -  direct immersion solid phase microextraction with ultrahigh performance liquid chro­
matography coupled with mass spectrometry; ms ub determines the mass o f a reagent in a pure form needed to perform single measurement. It was assumed that the 
N  number equals 100 in each case (see Eq.2). According to our laboratory experience, this is a reasonable number o f measurements that can be carried out using the 
discussed extraction and separation techniques, without additional steps (preparation, calibration, rinsing), minimizing potential under- and overestimation o f the 
actual risk. Water is not considered as a chemical reagent. The analyte standards are not considered in the assessment because their influence on the Total ChlorTox 
value would be negligible (much below 0.1 g).



Table 2
Comparison o f seven analytical methods for determination o f selected pesticides in environmental samples, in terms o f the relative hazards in respect to chloroform 
(CHsub/CHCHCI3 ) obtained using the WHN and CHEMS-1 models, in terms o f the mass o f individual reagents used for one analysis ( mub ) , and in terms o f the ChlorTox 
values indicating the degree o f predicted chemical risk.

Method Stage Compound
Relative hazard 
(WHN)

Relative hazard 
(CHEMS-1) msub [mg]

ChlorTox 
(WHN) [g]

ChlorTox 
(CHEMS-1) [g]

DI-SPME/GC-MS [29] DI-SPME extraction Sodium chloride 0.00 0.00 2.7 0.00 0.00
GC-MS analysis Heliums

RSE/GC-MS [30] RSE Ethyl acetate 0.35 0.07 902.0 0.31 0.06
extraction Chloroform 1.00 1.00 1 490.0 1.49 1.49

Sodium chloride 0.00 0.00 9.3 0.00 0.00
GC-MS analysis Heliums

HS-SPME/GC-MS [31] HS- Acetonitrile 0.39 0.26 72.7 0.03 0.02
SPME DILs * 0.38 0.24 787.2 0.30 0.19
extraction Sodium chloride 0.00 0.00 0.2 0.00 0.00
GC-MS analysis Heliums

CSDF-ME/GC-MS [32] CSDF- n-Hexane 0.78 0.78 85.2 0.07 0.07
ME Methanol 0.57 0.15 63.4 0.04 0.01
extraction Sodium chloride 0.00 0.00 1.0 0.00 0.00

Sodium hydroxide 0.61 0.19 1.0 0.00 0.00
GC-MS analysis Heliums

MSPE/GC-MS [33] MSPE Sodium hydroxide 0.61 0.19 1.0 0.00 0.00
extraction Acetonitrile 0.39 0.26 628.8 0.25 0.16
GC-MS analysis Heliums

SS-LPME/GC-MS [34] SS- Sodium hydroxide 0.61 0.19 0.1 0.00 0.00
LPME Acetic Acid 0.43 0.02 0.2 0.00 0.00
extraction Acetonitrile 0.39 0.26 11 004.0 4.31 2.84

Magnesium sulfate 0.00 0.04 6 000.0 0.00 0.25
Sodium acetate 0.00 0.24 1 500.0 0.00 0.36

GC-MS Heliums
SPE-DLLME/GC-MS [35] SPE- Methanol 0.57 0.15 3 564.0 2.01 0.54

DLLME Chlorobenzene 0.52 0.73 22.2 0.01 0.02
GC-MS analysis Heliums

DI-SPME/GC-MS - direct immersion solid phase microextraction with gas chromatography coupled with mass spectrometry; RSE/GC-MS - rotating sorptive extraction 
with gas chromatography coupled with mass spectrometry; HS-SPME/GC-MS - head space solid phase microextraction with gas chromatography coupled with mass 
spectrometry; CSDF-ME/GC-MS - continuous sample drop flow  microextraction with gas chromatography coupled with mass spectrometry; MSPE/GC-MS - magnetic 
solid phase extraction with gas chromatography coupled with mass spectrometry; SS-LPME/GC-MS - switchable solvent-liquid phase microextraction with gas 
chromatography coupled with mass spectrometry; SPE-DLLME/GC-MS -  solid phase extraction and dispersive liquid-liquid microextraction with gas chromatography 
coupled with mass spectrometry; mub determines the mass o f a reagent in a pure form needed to perform single measurement. It was assumed that the N  number 
equals 100 in each case (see Eq.2). According to our laboratory experience, this is a reasonable number o f measurements that can be carried out using the discussed 
extraction and separation techniques, without additional steps (preparation, calibration, rinsing), minimizing potential under- and overestimation o f the actual risk. 
Water is not considered as a chemical reagent. The analyte standards are not considered in the assessment because their influence on the Total ChlorTox value 
would be negligible (much below 0.1 g). (* ) The hazard assessment for helium was not performed due to the difficulties arising from its different specificity and the 
marginal expected impact on the absolute value o f Total ChlorTox (see the general guidelines how to apply ChlorTox Scale in the main text); (* * ) DIL -tetraethylene 
glycol-bis (3-benzylimidazolium) dibis(trifluoromethylsulfonyl)imide, the hazard for this reagent has been estimated in a simplified way due to the lack o f data, 
relative hazard (CHsub/CHCHCI3 ) was estimated as the averaged values obtained for all other reagents classified in this table according to the WHN and CHEMS-1 
models, respectively.

ronm enta lly  fr iend ly  SPME extraction technique w hich  in that case does 

not requ ire the use o f  any organ ic solvents [3 9 ].

As can be seen from  the analysis o f  Tables 1  and 2 , the rela­

t ive  hazards posed by  the ind ividual chem icals under consideration 

( CHsub/CH C H C 3  va lu es) are in som e cases quite sim ilar fo r  the W H N  and 

CHEMS-1 m odels, but in som e cases, d iffe r  qu ite sign ificantly. The dis­

crepancies recorded fo r  m ethanol, aceton itrile  and ethyl acetate are o f  

the greatest im portance fo r  the results presented in F ig. 1. It  is w orth  em ­

phasizing that in  the case o f  W H N , h igher re la tive  hazards w ere  found 

than in the case o f  CHEMS-1. Therefore, the use o f  the W H N  m odel 

in this case instead o f  CHEMS-1, assuming greater cred ib ility  o f  the 

CHEMS-1 m odel, entails the overestim ation  o f  risk. Nevertheless, this 

appears to  be a genera lly  better situation than the potentia l underesti­

mation.

Despite sign ificant differences in the structure o f  the m odels, the re­

sults obta ined fo r  W H N  and CHEMS-1 should be considered qu a lita tive ly  

consistent, and som e quantitative differences do not obscure the overa ll 

com parison o f  the considered m ethods. Regardless o f  the choice o f  the 

hazard m odel, the C h lorTox Scale ind icated the same methods as the 

most risky, the same as m oderately  risky, and also the same as posing 

the least risk and thus m ost green.

5. D iscussion

The approach w e  propose, although not perfect, has severa l im por­

tant advantages. The chem ica l risk associated w ith  the use o f  laboratory 

m ethod gains a universal w a y  o f  assessment and quantitative expression, 

the unit o f  w h ich  is the equ iva lent mass o f  ch loroform . The results ex ­

pressed in  this w ay  are easy to in terpret and com pare w ith  each other, 

and the To ta l C h lorTox va lu e describ ing the en tire m ethod can be used 

d irectly  as one o f  the criteria  fo r  evaluating its greenness, whiteness, and 

in the fo rm a lized  m ethod va lida tion  protocols. The use o f  the C h lorTox 

Scale can deepen the evaluation  o f  ex isting and n ew ly  deve loped  m eth­

ods, and m ake the discussion m ore ob jective .

An  im portant advantage is also the fact that the C h lorTox Scale g ives 

the freedom  to choose preferred hazard estim ation m odel, the choice o f  

w h ich  can be adapted to specific circumstances. In  addition, the Chlor- 

Tox  Scale a llow s to use d ifferen t w ays o f  m ode ling  the hazard fo r  in ­

d iv idual reagents used in the m ethod, thus selecting the m odel most 

adequate to the specific ity  o f  a g iven  substance. Due to the reference to 

the standard (ch lo ro fo rm ), w h ich  is a lways considered w ith  the same 

m odel as the substance under assessment, it is possible to m aintain the 

consistency o f  the assessment process and the unit o f  scale. Chloroform ,



Fig. 2. The overall chemical risk quantified for the particular meth­
ods dedicated to biological samples analysis (A ) and environmental 
samples analysis (B), using the Total ChlorTox values expressed in 
equivalent mass o f chloroform per one analysis, obtained based on 
the WHN and CHEMS-1 hazard models.

due to  the particu larly com p lex structure o f  hazards, seems a good  stan­

dard fo r  im plem enting in various tox ic ity  m odels.

The W H N  m odel, proposed by  us fo r  sim ple estim ating hazards and 

applying C h lorTox Scale, turned out to b e  substantively consistent w ith  

the m ore advanced CHEMS-1 m odel. Accessing key input data requires 

indeed ve ry  little  effort, search engine on chem ica lsa fety.com  w ebs ite  

[20 ] or others can b e  used to find  adequate safety data sheets. Choos­

ing and indicating one preferred supplier o f  safety data sheet fo r  the 

w h o le  assessment (h e re  S igm a-A ldrich ) seems to b e  the sim plest ap­

proach. H ow ever, another, m ore com p lex approach is possible -  com ­

paring a ll up-to-date sheets published fo r  a g iven  reagent by  d ifferen t

entities, and then re ly in g  on the average W H N  values. This approach 

can seem  m ore reliab le  in  terms o f  the assessment results, but requires 

the analysis o f  a larger set o f  data. In  the near future w e  plan to co llect 

and gather the safety data fo r  most popular chem icals used in analytical 

laboratories in  a dedicated C h lorTox Base. It  w il l  enable quick find ing o f  

average W H N  values fo r the particular reagents and avo id  the need fo r 

selecting the preferred data supplier and self-searching o f  data, w h ich  

m ay b e  laborious.

Therefore, the use o f  the C h lorTox Scale together w ith  the W H N  

m odel m ay be su fficient to assess risk and evaluate analytica l methods 

in most cases. It is also possible to  use m ore advanced hazard m odels,



such as CHEMS-1, in situations w hen  a m ore com p lex  m odel structure 

is not a problem , or is desired due to  the h igh im portance o f  the assess­

m ent and its im plications. A  useful source o f  data fo r the use o f  m ore 

advanced hazard estim ation m odels (CHEMS-1 and others) m ay b e  the 

Hazardous Substances Data Bank (H SD B ) integrated w ith  the PubChem 

database [3 6 ].

An  inherent d isadvantage o f  the C h lorTox Scale is that it is still a 

fa ir ly  general and estim ative approach, and the calcu lated risk is purely 

theoretical. W h ile  w e  are ab le to  count the amount o f  a g iven  reagent 

accurately, w e  w ill  n ever b e  ab le to  re liab ly  estim ate and quantify the 

tota l hazard it poses. In practice, the potentia l risk determ ined by  the 

C h lorTox Scale m ay b e  overestim ated or underestim ated. For instance, 

the approach described in Eq.1 does not take into account the risk asso­

ciated w ith  storage and contact w ith  a dangerous chem ical reagent used 

in a ve ry  sm all amount (n eg lig ib le  va lu e o f  msui ). In such a case appro­

priate quantities must b e  carefu lly  w e igh ed  in order to prepare desirable 

d ilu tion  o f  a chem ical, and this en ta il the exposure that can seem  greater 

than reflected  by the w e igh ted  mass o f  the substance. To  account fo r this 

e ffect, Eq.1 w ou ld  have to take a m ore com plex form , including fo r  ex­

am ple a constant that is independent o f  the amount o f  substance (m s ub )  

but dependent on its specificity . U nfortunately, this approach needs to 

be deve loped  w ith  further research and effort, and the resulting m ethod 

w ou ld  becom e m ore com plicated to  use. In our op in ion, the currently 

presented approach is an optim al com prom ise betw een  accuracy and 

sim plicity. H ow ever, this e ffec t should certa in ly be considered in the 

future w hen  deve lop in g  the C h lorTox Scale to be m ore accurate assess­

m ent tool. There are also other factors that are w orth  considering, but 

their analysis is not the purpose o f  this w ork. Notw ithstanding, they w ill 

be carefu lly  considered b y  us in the future to continuously d eve lop  and 

increase the cred ib ility  o f  the C h lorTox Scale.

Som etim es it  can b e  techn ica lly  d ifficu lt to calcu late the exact quan­

t ity  o f  reagents used, especia lly  fo r  the evaluation o f  a non-own m ethod 

published in the literature. In this situation, the best solution is to con­

tact the authors o f  the m ethod w ith  a request fo r  the necessary in for­

m ation, and i f  this turns out to  be im possible, to  m ake possibly most 

re liab le estimates. In the case o f  assessment based on such estimates, 

it is necessary to em phasize this fact w hen  presenting the assessment 

results.

F inally, it should b e  em phasized that the Ch lorTox Scale is a im ed 

at evaluating m ethods based on tw o  variab les: the hazardous proper­

ties o f  the substance and its quantity. These parameters should be g iven  

in the description o f  each m ethod. H ow ever, the C h lorTox Scale is not 

intended to assess processes or products that result from  the use o f  a 

certain analytical m ethod at a specific p lace and tim e. To  assess the 

process, it is necessary to take in to account an additional va riab le  - the 

degree o f  preven tion  resulting from  the applied  protection  measures, 

fo r  exam ple, the appropriate w aste disposal procedure. The actual im ­

pact on the user’s safety and environm ent depends on a ll three va r i­

ables. In the case o f  a m ethod that is on ly  a certain rec ipe fo r  perform ­

ing an analysis, on ly  the risk related to the parameters specified  in the 

p rotocol can be estim ated. Therefore, the C h lorTox Scale in its current 

fo rm  can b e  used to assess and com pare m ethods published in the liter­

ature by  estim ating the risk o f  som e adverse effects (d e fin ed  as Chem i­

cal R isk), w h ich  can b e  m in im ized  b y  p rov id ing  appropriate protective  

means.

6. C on c lu s ion s

The quality  o f  in form ation  p rov ided  b y  the C h lorTox Scale appears 

to be su fficient to assess the overa ll chem ical risk and, on this basis, to 

evaluate, va lida te and com pare analytica l m ethods published in the lit ­

erature. Indeed, its potentia l app licab ility  is not lim ited  to analytical lab­

oratories. The Ch lorTox Scale can b e  successfully em p loyed  anyw here 

w h ere chem ica l reagents are used.

H ow ever, the results o f  the assessment should be treated semi- 

quantitatively , assuming a fa ir m argin  o f  uncertainty. D eve lop in g  the

fo rm alized  gu ideline fo r  the interpretation o f  outcom es (C h lorTox  va l­

ues), adjusted to  the m ethod type and specificity , can help to ju dge  

w h ich  m ethods deserve to  b e  ca lled  “ green ” .

The application  o f  the C h lorTox Scale should preferab ly  be accom ­

panied by  the application  o f  s im ilar tools dedicated to assessing other 

types o f  risks that the m ethod poses to  the environm ent and to the user. 

They, how ever, y e t need to be deve loped  or im proved. The currently 

used m etric tools such as: Eco-Scale [8 ] , AM G S [9 ] , G A PI [1 0 ], Com- 

p lexG API [1 1 ], AGREE [1 2 ], AGREEprep [1 3 ], H EXAGON [1 4 ], RGB 

[1 5 ], RGB12 [16 ] and others, are based on qu ite subjective m odels and 

are o f  a less em p irical nature than the C h lorTox Scale. Nonetheless, they 

can support the evaluation  process and m ake the discussion m ore in for­

m ative.
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