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ABSTRACT

The Quantitative lon Character-Activity Relationship (QICAR) model between metal ionic properties and toxicity
order numbers (TON) was established assisted with cluster analysis to find out typical metal ionic properties.
Means while, the multicollinearity among the typical metal ionic properties was minimized by principal component
analysis during the modeling and obtaining .the QICAR model by multiple linear regression analysis as follows:
TON = -70.675AR/AW - 0.353|IgKop| - 28.3120, - 0.5374Eq+ 2.436X,, T+ 0.240AN - 0.024Z*?/r+ 0.475N + 26.033.
It has satisfactory predicted ability with Nash-Suttcliffe Smulation Efficiency Coefficient (NSC) of 0.91 and
0.85formodel building and testing respectively. The metal ionic propertiesX.’r, AN and N have positive effects on
the model, while the metal ionic properties ARIAW, |IgKon|, op, 4Egand Z* %Ir negatively influence the model. Finally,
sensitivity analysis of the metal ionic properties in QICAR model was carried out to show which metal ionic
properties have more impact on TON, indicating different impact degree of the metal ionic properties on each
metal ion.

Keywords: quantitative ion character-activity relationshipxitity order numbers, cluster analysis, principal
component analysis, sensitivity analysis

INTRODUCTION

Heavy metals, from various industrial processesjcaljural activities, domestic wastes and vehiebhaust
emissions, are often considered one of the mostusepollutants for their high toxicity, bioaccuratibn and
persistence in the environment [1-4].They can aller biochemical cycles [5].The studies on heavytaiae
pollution and their toxicity prediction have reced/increasing attention in recent years [6]. Ttageemany factors
affecting the toxicity of heavy metals and the ¢hreajor factors are metal ionic properties(for epkematomic
radius, oxidation state, electronegativity, etmjganism receptor (for example, species, sex, ate) and
environmental conditions (for example, temperatpi¢, exposure length, etc.) [7]. Up till now, mastdies have
been done only focusing on environmental conditi8hswhile the other two factors tend to be igrdbre

The Quantitative Structure-Activity Relationship S8R) model has been used extensively to expreaststal
molecular properties with functions (for exampleygicochemical properties, biological activitiesxitity, etc.) for
classes of organic compounds by means of stafistieghods. In the 1990s, Newman et al. developed th
Quantitative lon Character-Activity Relationship IG&R)model to predict the relative toxicity of metens
[9].The approach has been successfully appliediiious effects, species and media to predict tlaive toxicity

of metal ions since then [9-11]. Simple linear esgion models using one metal ionic propertyiadio,, orX,2r
were built by Mccloskey, Wolterbeek and Tatarapeesively [11-13]. A model that includes two metahic
properties I@N/AIP and AEgapproved its applicability through tests using tityi data ofDaphniamagna by Kaiser

et al [14].All of those QICAR models above incorated very few metal ionic properties and ignoreslithpact of
other metal ionic properties.
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Cluster analysis, known as automatic classificatmmerical taxonomy, bryology and typological gsal [15-16],

is designed to detect hidden groups or clustersshiich the elements behave similarly to each ofhér18]. The
similarity is generally defined using the measurenw distance and calculated using the differelpe®veen the
measurements [19].The classification of variableslld enhance our understanding of the internalsrute

variables in the same group and find typical vdeslin each group [20].

The goals of the current study are to select typiegtal ionic properties to build a QICAR model @ondoredict the
toxicity of metal ions. Cluster analysis is applieddivide the metal ionic properties into seveyadups. In each
group we choose the typical metal ionic propertgtigh correlation analysis and the QICAR model wdlbuilt by

multiple linear regression analysis after minimgitme multicollinearity among the typical metal ioproperties
using principal component analysis. Then, sengjtiahalysis is adopted to judge the impact degfedbentypical

metal ionic properties of the model.

EXPERIMENTAL SECTION

Toxicity Data

Metal ion toxicity data varied largely in exposuime, organism receptors and ambient conditionseréfore,
Wolterbeek and Verburg evaluated 80metal ions'dioxiusing 30 data sets from different literatd?e§or each
data set, the calculated toxicities were orderadarically by relative numbering. After doing so foe 30 data sets,
each selected metal ion could be given an averageaber. Toxicity order numbers (TON) increased with
toxicities.

In the current study, the TONSs of twenty metal i¢hg", B&*, C&*,Cd*,Co?*, Cr, CS, CU#, Fe”, He, KT, La™,
Li*, Mg®", Mn?*, Na', Ni**, P*, S#*, Zrf") were used for building the model and other sé¥éii, Bi**, F&*, Rb,
Sb*, Sc*, Y*") were used for model testing (shown in Table 1 @p@he 15min -IgE;, for photobacterium
phosphoreum of nine metal ions(Cd, Co**, Cr*, Cu*, K*, Mn**, Ni?*, SF*, Zr*") obtained were used for validating
model.

Data of Metal lonic Properties

We denoted metal ionic properti€X as the oxidation staté{E, as the absolute difference in electrochemical
potential between the ion and its first stable oedustatelP as the ionization potentiaX,,, as the electronegativity;
AR as the atomic radius;as the Pauling ionic radiu8\W as the atomic weighAN as the atomic numbetlP as
the difference in ionization potential betwe®X and OX™; |logkon| as the absolute value of the log of the first
hydrolysis constaniy, as the softness indeX} as the effective ionic charg®) as the ionic electron number for
valence shell. In addition, there are several othetal ionic properties, which are some combinatibthe above.
They areARIAW, X,,2r, AN/AIP, Z?/r (Z=ionic charge)Z/r?, ZIAR?, ZIr, ZIAR andZ*¥r [12-13, 21-23].

Experimental Methods

The stock solutions of the nine tested metal iomsewfreshly prepared by dissolving the followingrates in
deionized water: Cu(Ng),-3H,O provided by Tianjin No. 3 Chemical Reagent Fagt@d(NO;),- 4H,0 provided
by Shanghai Jinshan Tingxin Chemical Reagent Fachhi{NO;),- 6H,O provided by Beijing Yili Fine Chemical
Co., Ltd.; Co(NQ),-6H,0O provided by Tianjin Bodi Chemical Co., Ltd.; KN®@rovided by Beijing Chemical
Factory; Zn(NQ),-6H,0, Cr(NG;)s- 9H,0, Mn(NGs), and Sr(NQ), provided by Tianjin Guangfu Fine Chemical
Research Institute.

The toxicities of the nine metal ions were evaldatising thephotobacterium phosphoreum in freeze-dried form
(provided by Institute of Soil Science, Chinese d@ay of Sciences), which was activated prior tdinigsby the
reconstitution solution. Since thshotobacterium phosphoreum is one of the marine organisms, the adjustment for
the osmotic pressure of the samples was applieabtain a 2% salinity using NaCl. The light emissiminthe
photobacterium phosphoreum through direct contact with the samples was medsusing Biological Toxicity
TesterDXY-2 (provided by Institute of Soil Sciendghinese Academy of Sciences)within an exposure tirh
15minutes. The toxicities of the nine metal ionsewmeasured using the National Standard MethoteoPeople’s
Republic of China GB/T 15441-1995 (Water qualityt®enination of the acute toxicity-Luminescent baet¢est).

Data Analysis

Cluster analysis, correlation analysis, principamponent analysis, multiple linear regression asialyand
sensitivity analysis were applied in the currenidgt Cluster analysis was used to place the metét iproperties
with similar behavior into groups. Correlation aysié was used to select the metal ionic propevtigsh have the
highest correlation with TON, and will help redube data needed.
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Table 1Metal ionic property and TONSs of twenty metal ions
Metalions OX AE IP X AR AW AN ARAW  AIP  |igkol X«r  Zir  AN/AIP op 2 AR 7 ZIAR Z* Zr N TON
Ag* 1 0.80 7.58 193 152 115 107.87 47 0.0141 758 1.01 4.28 0.87 6.20 0.074 0.76 0.4328 0.87 0.6579703.11.90 18 494
Ba® 2 291 1001 0.89 217 142 13734 56 0.0158 4.8013.4 1.12 2.82 11.67 0.183 0.99 0.4247 141 0.921320 7.21 8 32.6
ce* 2 287 1188 100 191 100 40.08 20 0.0477 576 251 1.00 4.00 3.47 0.181 2.00 05482 200 1.0471203.10.24 8 16.1
Co 2 040 1692 169 148 095 11240 48 0.0132 7.929.7 271 4.21 6.06 0.081 222 09131 211 1.3514704.23.25 18 52.0
(ofo 2 028 1709 191 125 0.65 58.93 27 0.0212 9.21 8 9 237 6.15 2.93 0.130 473 12800 3.08 1.6000 54.27.79 15 39.0
crt 3 041 3097 166 125 062 52.00 24 0.0240 14.483.7 171 1452 1.66 0.107 7.80 19200 4.84 2.400065 4 3488 11 323
Cs 1 3.03 3.90 079 262 174 13291 55 0.0197 390 .0 0 1.09 0.57 14.10 0.218 0.33 0.1457 0.57 0.381720 2. 2.78 8 34.6
cw 2 0.15 2030 165 135 0.73 6354 29 0.0212 12.578.0 199 548 231 0.104 375 1.0974 274 1.4815554.28.36 17 400
Fe* 3 0.77 3066 183 124 055 5585 26 0.0222 14.462.2 1.84 16.36 1.80 0.097 9.92 19511 545 24194954 4455 13 29.8
Hg*' 2 092 1877 200 148 102 20059 80 0.0074 8.333.7 408 3.92 9.60 0.065 192 09131 196 1.3514704.21.66 18 62.1
K* 1 2.93 4.34 082 231 151 39.10 19 0.0591 434 .016 1.02 0.66 4.38 0.232 044 0.1874 0.66 0.4329 022321 8 19.7
La®* 3 238 19.19 110 187 116 13891 57 0.0135 8.139.0 1.40 7.76 7.01 0.171 223 0.8579 2,59 1.604320 4.15.21 8 33.3
Li* 1 305 539 098 152 0.76 6.94 3 0.2190 5.39 14.D2.73 132 0.56 0.247 173 04328 132 0.6579 1.30.22 2 115
Mg 2 237 1504 131 155 0.72 24.31 12 0.0638 739141 124 5.56 1.62 0.167 3.86 0.8325 2.78 1.290320 3. 14.22 8 14.7
Mn?* 2 119 1565 155 112 0.67 5494 25 0.0204 821061 161 597 3.05 0.125 4.46 15944 299 1.7857953.2329 13 3238
Na* 1 271 514 093 186 1.02 2299 11 0.0809 514 .814 0.88 0.98 214 0.211 096 0.2891 0.98 0.5376 0 2.24.75 8 15.9
Ni%* 2 0.26 18.18 190 125 0.69 58.71 28 0.0213 10.548.9 2.49 5.80 2.66 0.126 420 1.2800 290 1.600040 4.28.06 16 39.0
PE? 2 0.13 1504 233 154 119 20719 82 0.0074 7.628.8 6.46 3.36 10.76 0.131 141 0.8433 1.68 1.2987006 30.25 20 65.3
s 2 290 1104 095 207 126 87.62 38 0.0236 534301 114 317 7.12 0.174 126 04668 159 0.966220 3. 8.13 8 253
zn* 2 076 1797 181 131 0.74 65.37 30 0.0200 857 0 9 242 5.41 3.50 0.115 3.65 1.1654 2.70 15267 04.29.85 18 35.6
Table 2 Metal ionic propertiesand TONs of seven metal ions

Metal ions  ARIAW  [IgKow| oy AE;, XZr AN Z*3r N TON

Al 0.0515 5.0 0.136 166 1.40 13 32.67 15.1

Bi** 0.0070 1.6 0.113 020 420 83 4757 . 648

Fe* 0.0222 8.3 0.129 045 204 26 2756 . 364

Rb" 0.0284 0.0 0.229 298 108 37 3.01 28.8

Sp* 0.0116 0.0 0.119 066 319 51 6447 . 509

st 0.0360 5.1 0.140 2.08 139 21 2352 18.3

Y3 0.0200 8.3 0.147 237 152 39 17.29 25.5
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Principal component analysis is an important matiate statistical analysis method. Its goals arextract the
most important information from the data set, tonpoess the size of the data set by keeping ondyithportant
information, and to simplify the description of ttata set. For achieving these goals, principalpmrant analysis
generates new variables called principal compof(e@ts) which are obtained by weighted linear continna of

the original variables [24].Then we apply multifileear regression analysis, taking the PCs whiaoaat for the
majority proportion of variance as independentataleés and TON as the dependent variable, to estithatimpact
of the metal ionic properties on TON.

The application of sensitivity analysis is to judtye critical metal ionic property’s impact on TOBensitivity
analysis is defined as “the study of how the urety in the output of a model (humerical or othisey can be
apportioned to different sources of uncertaintgh@ model input” [25].1t is an indispensable pdrioptimization
design.

RESULTSAND DISCUSSION

Cluster Analysisof Metal lonic Properties

We did a cluster analysis on all of the metal igmioperties in Table 3.They were artificially dielinto 11 groups
based on the dendrogram in Fig. 1. Table 3 alswslhioe results of the correlation analysis betwiertwenty two
metal ionic properties and TON. Only one metal ¢oproperty in each group was selected by the cdiosl

maximum method, which IBRIAW, |IgKon, ap, AR, AE;, Xir, AN, Z/r?, Z*?Ir, N andOX.

AR (sig.=0.221),Z/r* (sig.=0.872) andDX (sig.=0.453), in the selected metal ionic propertiesitineed above, did
not reach the significant levedig.<0.05), which means that they did not have sigaift correlation with TON. So,
we discarded them in our following analysis. Fipadlight metal ionic properties, includidg/AW, |IgKonl, op,AEo,
X..2r, AN, Z*%r andN, were selected.
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Fig. 1Dendrogram constructed by cluster analysis of the twenty two metal ionic properties

Principal Component Analysis of Metal l1onic Properties

Multicollinearity refers to the approximate lineslation among the variables, which means a varialn be
linearly expressed by others. Strong multicollingaamong variables often decreases the accura@arEmeter
estimation, enlarges model error and damages mstdeility [26]. Therefore, minimizing multicollineity is

essential before building a multiple linear regi@ssmodel. In order to minimize the multicollinetgriof the
selected eight metal ionic properties, we did agipal component analysis. It shows in Table 4 thare is
significant multicollinearity ¢ig. < 0.05) among the eight metal ionic propertiesulgh the correlation analysis.
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Table 3Results of cluster analysis of the twenty two metal ionic properties and correlation analysis between the twenty two metal ionic

propertiesand TON

- . Cluster analysis Correlation analysis

Metal ionic properties| N Group R Sg. (2-tailed)
ARAW 20 1 -0.631 0.003
[lgKon| 20 2 -0.456 0.043
op 20 3 -0.728 <0.001
R 20 4 0.066 0.783
AR 20 4 -0.287 0.221
AE, 20 5 -0.708 <0.001
pecs 20 6 0.870 <0.001
AN/AIP 20 7 0.512 0.021
AN 20 7 0.833 <0.001
AW 20 7 0.820 <0.001
Zr? 20 8 -0.038 0.872
alls 20 8 0.024 0.921
AlP 20 9 0.271 0.248
adily 20 9 0.469 0.037
ZIr 20 9 0.025 0.916
ZIAR? 20 9 0.220 0.352
ZIAR 20 9 0.230 0.329
P 20 9 0.289 0.216
N 20 10 0.857 <0.001
zZ* 20 10 0.749 <0.001
Xen 20 10 0.760 <0.001
OX 20 11 0.178 0.453

" Correlation is significant at the 0.05 level (2-tailed).

" Correlation is significant at the 0.01 level (2-tailed).

Table 4 Resultsof correlation analysisamong the eight selected metal ionic properties

llgKoHl | o AE, Xt AN Z*°Ir N
AR/AW | 0.445 [0.629" | 0.482 | -0.424 | -0.606 | -0.464 [-0.645
[lgKon| 0.471 | 0.428 | -0.256| -0.407 -0.550 | -0.353
op 0.860° |-0.629° | -0.388 |-0.759" |-0.860"
R AEg -0.676 | -0.247 |-0.863" |-0.886"
Xen2r 0.682 | 0.442 | 0.816
AN 0.122 | 0.498
adils 0.670"
AR/AW | 0.049 | 0.003] 0.032] 0.064 0.00] 0.039 | 0.002
[lgKon| 0.036| 0.060| 0.277| 0.07§ 0.012 | 0.127
op <0.001| 0.003 | 0.091 | <0.001|<0.001
sig. (2-tailed)| AEo 0.001 | 0.294|<0.001| <0.001
pes 0.001 | 0.051 |<0.001
AN 0.607 | 0.025
Z*r 0.001
ARAW [ 20 20 20 20 20 20 20
[lgKon| 20 20 20 20 20 20
op 20 20 20 20 20
N AEg 20 20 20 20
X2t 20 20 20
AN 20 20
Z*r 20

"Correlation is significant at the 0.05 level (2-tailed).

" Correlation is significant at the 0.01 level (2-tailed).

The eight metal ionic properties were transfornmad eight components. PCs, with eigenvalue greagar or equal
to 1,means they carry the majority of the informatof the data, while the others with little infation could be
discarded [27].In the current studyf,énd PGhave eigenvalues greater than 1(Fig. 2) and bakethwo PCs
contain 77.40% of the information of the varianCEsble 5).

PCs obtained by weighted linear combinations ofdttiginal variables were as follows:

PCs=as; stdx;+as,stdx,+. .. +as,stdxn,

1)

Wherestdx, refers to the transformed original variable, asg is the principal component score coefficient (€abl

6)
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Eigenvalue

0

T T T T T T T

1 2 3 4 5 6 7 8
Principal component number

Fig.2 Eigenvalue of PCs

Table5 Statistical information of PCs

Principal component Extraction sums of squared loadings
Total | % of variance| Cumulative %
1 4.995 62.440 62.440
2 1.197 14.961 77.401
3 0.899 11.232 88.633
4 0.513 6.412 95.045
5 0.178 2.231 97.276
6 0.126 1.570 98.846
7 0.059 0.742 99.589
8 0.033 0.411 100.000

Table 6 PCs scor e coefficients matrix

Metal ionic properties T PCs 5

ARIAW 0.147 -0.249
[lgKon| 0.118 | 0.006
Op 0.182 | 0.153
AEg 0.179 0.304
Xer?r -0.158 | 0.248
AN -0.118 | 0.646
akils -0.159 | -0.423
N -0.187 | -0.009

Multiple Linear Regression Analysis of PCsand TON

The multiple linear regression analysis, taking; R68d PGas independent variables and TON as the dependent
variable, was performed. Goodness-of-fit test (B4:0.905, N=20) andF test &ig. <0.001), and thetest §ig. <
0.001) in Table 7 show the model is statisticadlijable. The multiple linear regression model isaf#oed by model

(2). Using Model (2) and the PCs score coeffici@mfBable 6; we could obtain the QICAR model (3):

TON=-13.145P¢+5.647PG+34.050 (2

TON=-70.67RAR/AW-0.353|IKo|-28.312,-0.537AE,
+ 2,436, 2r+ 0.240AN-0.024*?/r+0.47N + 26.033 (3)

The metal ionic propertiés?r,AN andN have positive coefficients and play positive rdkeshe model, while the
metal ionic propertieAR/AW, |IgKon|, 65, AEjand Z*?Ir have negative coefficients andnegatively influetioe
model.

Table 7t-test to PC; and PC,

Model Unstandardized coefficients  Standardized coeffisien t dg.
B Std. error Beta
(constant) 34.050 1.032 33.00R <0.001
PC -13.145 1.059 -0.879 -12.41F <0.001
PG 5.647 1.059 0.378 5.335| <0.001

354



Y.Lietal J. Chem. Pharm. Res,, 2014, 6(12):349-358

Comparison of Simulated Values with Observed Values

The Nash-Suttcliffe simulation efficiency coeffinie(NSC) was selected to evaluate the accurachefQ@ICAR
model. NSC is the fraction of the variance in thsarvation explained by the model; a higher vahdicates a
more accurate model [28]. The formula for NSC igegias follows:

> (P, -P,)?
NSC =1- @)

S (P, - Pep)?

i=1

WhereP, refers to the simulated valug,,, is the observed valuePe is the mean observed value.

In the current study, the twenty metal ions (Tablevere used in building the QICAR model, and thgeo seven
metal ions (Table 2) were used in testing the aamyuof the model. From Formula (4), the NSC for eidulilding
and model testing are 0.91 and 0.85 respectivédilis eans that the QICAR model can be well appledredict
the TON of the metal ions.

Comparison of Simulated Values with Experiment Data

The 15min EG, for photobacterium phosphoreum of nine metal ions were obtained through experimemd
normalization processing was carried out (TableC&yelation analysis between normalized sE@nd the
corresponding simulated TON was performed. Tablo@sa highly significant correlation between thesig.(=
0.002).All the studies indicated that the TONs loé tmetal ions can be calculated by the QICAR maahel
correlated with other forms of toxicity data.

TableBNormalized ECs; and the corresponding simulated TONs of nine metal ions

Metal ions | Normalized E& | Simulated TON
c 0.100006 453
co** 0.100223 36.0
crt 0.100385 34.1
cuw 0.100036 37.9

K* 0.900000 18.8
Mn?* 0.107343 32.2
Ni%* 0.100000 37.4
S 0.474140 28.8
zn? 0.100004 38.7

Table 9 Correation analysis between normalized ECs, and the corresponding smulated TON

N R sig. (2-tailed)
normalized EG | 9 | -0.876 0.002

Sensitivity analysis
At first, taking PB* as an example, sensitivity analysis of the eigletahionic properties in the QICAR
model was carried out to show which metal ionicgmdies have more impact on TON.

Keeping the other seven metal ionic properties teoms TON was recalculated when a metal ionic prype
changed by -20%, -10%, 10% and 20%. A sensitivitgfiicient is basically the ratio of the changeoirtput over
the change in input [29]. Table 10 shows the setityitcoefficients of the eight metal ionic propediin the QICAR
model. From the table, sensitivity analysis chaaswirawn by taking the variable proportion as atirand the
recalculated TON as abscissa (Fig.3).0On the bdstheofigure, it is evident thadN has the largest sensitivity
coefficient and is the most critical factor affectiTON, and the impact degree of the other sevetalnnic
properties on TON ark./r, N, o, [|gKonl|, Z+?/r, ARIAW andAE,.

Then sensitivity coefficients of the remaining rigen metal ions were obtained in the same way €éTab).From
the table, the impact degree of the eight metatiproperties on TON is different for each metal.igor a lot of
metal ions (Ag, B&*, Cd*, CP*, CS, Fe”, H", La®* andSt"),AN is still the most critical factor affecting TON.
But for Cd*, CU*, Mn’*, Ni* and ZA", N is the most critical factor; for €& K*, Mg** and N&,g,is the most
critical factor; for L, AR/AW is the most critical factor. About the strong impatAN andAR/AW on TON, Li et al.
has the similar finding[30}, separates metal ions into three groups: soft nedal (for example, Ag, Cd and Hg),
which prefer to bind to sulfur; hard metal ionsr(Bxample, Ba, Ca and Na), which prefer to binaxggen or
nitrogen; borderline metal ions (for example, Cd,aNd Zn) [31]. And the soft metal ions are morgiddhan the
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hard metal ions because of the relative importasfceetal ion binding to sulfur on biomolecules [1Zhang
reported, in his study on the relationship betweation’ structure and §$ system analysis, the difference of
polarization force in different cations dependgédy onN [22]. And this may be the reason for the changmetal
ion toxicity.

Table 10 Sensitivity coefficients of the eight metal ionic propertiesin the QI CAR model for Pb?*

Metal ionic properties| Variable proportion (%) Rlecdated TON | Sensitivity coefficient
-20 62.92
ARIAW ;11% gg'% -0.525
+20 62.71
-20 63.44
-10 63.13
lIgKox +10 62.50 3125
+20 62.19
-20 63.56
-10 63.19
o +10 62.44 3725
+20 62.07
-20 62.83
-10 62.82
AR +10 62.81 0.075
+20 62.80
-20 59.67
) -10 61.24
Ken' T +10 64.39 15.725
+20 65.96
-20 58.88
-10 60.85
AN +10 64.78 19.675
+20 66.75
-20 62.96
-10 62.89
*2 -
ey +10 62.74 0.725
+20 62.67
-20 60.92
-10 61.87
N +10 63.77 9.500
+20 64.72
67—
66
654
Z 644
)
- - 6\%_\\
T 63
Q
g * \<ﬁ\\g
3 621
(]
O
L 614
O~ ARIAW <1 lgK_ |
—O—o ——AE
60| P 0
] DX O AN
59 —~\/ Z;/f —O—N
T T T T T T T j T
-0.2 -0.1 0.0 0.1 0.2

variable proportion

Fig.3 Sensitivity analysis chart for Pb?"
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Table 11Sensitivity coefficients of the eight metal ionic propertiesin the QICAR model for the remaining nineteen metal ions

metal ion properties Ag" | B& | C& [ CF [ CH [ CF | C§ | C# | F&' | HF

AR/AW -0.997 | -1.117] -3.371 -0.933 -1.4981.696|-1.392| -1.498 -1.569| -0.523

|IgKoH| -3.883| -4.730 -4.413 -3.424 -3.4591.306| 0.000 | -2.824/-0.777|-1.306

op -2.095| -5.181| -5.124 |-2.293| -3.681 -3.029| -6.172 | -2.944) -2.746| -1.840

AEq -0.430| -1.563 -1.541 -0.215 -0.1560.220|-1.627 | -0.081 -0.413|-0.494

Xor2r 10.426| 2.728 | 2.436| 6.602 5.778 4.166 2.655 4.848 4.482 39.9

AN 11.280 | 13.440 | 4.800 |11.520 | 6.480 | 5.760 |13.200 | 6.960 | 6.240 | 19.200

Z*°Ir -0.286 | -0.173] -0.24 -0.558 -0.6670.837|-0.067 | -0.681 -1.069| -0.520

N 8.550 | 3.800| 3.800| 8.55(07.125 |5.225| 3.800| 8.075 | 6.175| 8.550

metal ion properties K* La*" Li* Mg* | Mn** | Na | Ni# | s | zn®*

AR/AW -4.177 | -0.954|-15.478 | -4.509 | -1.442-5.718| -1.505 | -1.668 -1.414

|IgKoH| -5.648| -3.177 -5.013 -4.024 -3.745.224|-3.142| -4.589 -3.177

op -6.568 | -4.841| -6.993|-4.728 |-3.539|-5.974 | -3.567 | -4.926 -3.256

AEq -1.573| -1.278 -1.63§ -1.273 -0.6891.455|-0.140| -1.557|-0.408

Xor2r 2485 | 3.410| 1.778] 3.021 3.922 2144 6.066 2.f77 9558

AN 4.560 | 13.680 | 0.720 | 2.880| 6.00Q 2.64D0 6.7209.120 | 7.200

Z*°Ir -0.077| -0.365/ -0.053 -0.341 -0.5590.114|-0.673| -0.195-0.716

N 3.800 | 3.800| 0.950| 3.8006.175 | 3.800 | 7.600 | 3.800 | 8.550
CONCLUSION

Based on the whole analysis of the study, thefioitg conclusions can be formed:

(1)The 22 metal ionic properties can be artifigiadivided into eleven groups by their ionic behaviAR/AW,
lgKonl; apif, AR; AEg Xy r;AN/AIP, AN, AW Z/r?, Z°Ir; AIP, Z*°Ir, ZIr, ZIARE, ZIAR, IP;N, Z*, X, OX.

(2) The QICAR model can be used to predict the TddNther unknown metal ions.

(3) The metal ionic properti¥s’r, AN and N play positive roles in the QICAR model, while theetal ionic
propertiesAR/AW, |IgKonl, op, AEg andZ*¥r have a negative influence on the QICAR model.

(4) The impact degree of the metal ionic propeilitiethe QICAR model on TON is different for eachtedéon. For
P, Ag', Ba!, Cd*, Cr*, Cs, Fe*, HF", La®* and Sf*, AN is the most critical factor affecting TON; for €p
CuU*, Mn**, Ni** and Zi3*, N is the most critical factor; for €a K*, Mg and N4, g,is the most critical factor; for
Li*, AR/AWis the most critical factor.
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