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GZ� \ha^mo_�ihdju\Z_lky� aZsblghc� hdbkghc� ie_g�

dhc�� e_]dh� aZ]hjZ_lky�� J_Z]bjm_l� k� \h^hc�� dbkehlZfb�

�djhf_�ieZ\bdh\hc�dbkehlu���Bkihevam_lky�\�p\_lghf�

l_e_\b^_gbb�� ki_pbZevguo� kieZ\Zo�� k\_joijh\h^gb�

dZo��\�Zlhfguo�j_ZdlhjZo��Ihdjulb_�blljb_f�^_lZe_c�

^\b]Zl_e_c�\gmlj_gg_]h�k]hjZgby�m\_ebqb\Z_l�kjhd�bo�

jZ[hlu�\�khlgb�jZa�ih�kjZ\g_gbx�k�ihdjulb_f�ojhfhf�  

>h[u\Z_lky�blljbc \�hkgh\ghf�ba�]jZgblguo�i_]�

fZlblh\�� Zev[blblh\�� jhkkui_c�� Ba\_klgh� hdheh� ���

fbg_jZeh\� k�blljb_f� ± n_j]xkhgbl�� w\dk_gbl�� ]Ze_�

gbl��dk_ghlbf��q_jqbl��l_g]_jbl��]Z^hebgbl��blljbZ�

ebl, ]eZ\guc� ± dk_ghlbf��<ky� fbjh\Zy� ]h^h\Zy� ^h�

[uqZ�± ��lhgg�� 

Ih�^Zgguf�[1] [hevrbgkl\h�obfbq_kdbo�we_f_glh\�

ijb�\u\_ljb\Zgbb�gZdZieb\Zxlky�\�[hdkblZo�± ̂ ey�gbo�

dhwnnbpb_gl� dhgp_gljZpbb� [hevr_� �� Gh� blljbc��

gZh[hjhl� \ughkblky�ba�[hdkblh\�b� _]h�dhwnnbpb_gl�

dhgp_gljZpbb�������Gb`_�jZkkfhlj_gh lZdh_�g_h[uq�

gh_�ih\_^_gb_�blljby�ijb�\u\_ljb\Zgbb. 

 

F_lh^bdZ 

Nbabdh-obfbq_kdh_� fh^_ebjh\Zgb_� ih\_^_gby� bl�

ljby�\�ijhnbe_�\u\_ljb\Zgby�nbeeblh\b^guo�keZgp_\�

ijh\h^behkv�ijb l_fi_jZlmj_�25hK�b���Zlf��Fbg_jZev�

guc� khklZ\ keZgp_\� �\_k�� ��: fmkdh\bl� ������, oehjbl�

(18), d\Zjp������, [bhlbl����, dZhebgbl (5), ]_fZlbl (2.5), 

fZ]g_lbl������, dZevpbl����, ibjbl����, Zev[bl (1), Zg]b^�

jbl����, bevf_gbl�(1), nexhjbl (0.5) ZiZlblu ± iylv�jZa�

gh\b^ghkl_c [5] ih����%. <k_]h�� ���%. I_j\bqgh_�kh�

^_j`Zgb_�blljby�\�nbeeblh\b^guo keZgpZo���-3 \_k����  

Ih�̂ Zgguf�jZaguo�Z\lhjh\�agZq_gb_�hdbkebl_evgh-

\hkklZgh\bl_evgh]h�ihl_gpbZeZ�blljby ^ey j_Zdpbb� 

Y3+ ���_� �Y    (1) 

\�\h^guo�jZkl\hjZo�ijZdlbq_kdb�kh\iZ^Z_l��?0 = -2.37 

\hevl [2, 5±7]; ?0 = -������<hevl [8±10]. 

Ba jZ[hlu�[11] ke_^m_l��qlh�k\h[h^gZy�wg_j]by�bhgZ 

Y3+ jZ\gZ� -685339 >`�fhev� �?h j_Zdpbb Y3+ ���_� �Y 

khklZ\ey_l�-������\hevlZ�� 

Ih�^Zgguf�[12] k\h[h^gZy�wg_j]by�bhgZ�Y3+ jZ\gZ�-

��������������>`�fhev� �?h j_Zdpbb Y3+ ���_� �Y kh�

klZ\ey_l�-��������������\hevlZ�� 

AZ�hkgh\m�^ey�^Zevg_crbo�jZkq_lh\�ijbgbfZ_f�j_�

dhf_g^Zpbx�kijZ\hqgbdZ�L_jfbq_kdb_�dhgklZglu�\_�

s_kl\ ± k\h[h^gZy� wg_j]by� bhgZ� Y3+ jZ\gZ� -688698 

>`�fhev [12]. 

>ey� kjZ\g_gby� wlhc� \_ebqbgu� k\h[h^ghc� wg_j]bb�

bhgZ Y3+
�j-j��k�^jm]bfb�bklhqgbdZfb�ih�j_Zdpbb  

Y+3 + �_� �Y    (1) 

hij_^_ebf \_ebqbgm klZg^Zjlgh]h� we_dljh^gh]h� ih�

l_gpbZeZ� blljby \� \h^guo� jZkl\hjZo� �ijb� �� C, 0.1 

FIZ��ih�mjZ\g_gbx  

?h = -¨fGo
R / nF    (2) 

]^_� k\h[h^gZy� wg_j]by j_Zdpbb� ¨fGo(R, 298.15 K) = 

688698 >`�fhev� n Å� qbkeh� mqZkl\mxsbo� \� j_Zdpbb�

we_dljhgh\� Å 3, F Å� qbkeh� NZjZ^_y�� jZ\gh_� ������

>`��\hevlîwd\���?h = -2.372 <hevl�� 

Ih�^Zgguf�>�0] k\h[h^gZy�wg_j]by�¨Go
f(298) 2O3 = -

��������>`�fhev��¨Go
f(298) <�HG�3 

dj� = - 1298295. :gZ�

eblbq_kdZy�obfby�blljby�jZkkfhlj_gZ�\�jZ[hl_ [13]. 

 

J_amevlZlu�b�bo�h[km`^_gb_ 

L_jfh^bgZfbq_kdZy�bgnhjfZpby 

b�f_lh^�fh^_ebjh\Zgby 

Lj_[m_fZy�^ey�jZkq_lh\�bkoh^gZy�l_jfh^bgZfbq_�

kdZy� bgnhjfZpby� kh[jZgZ� b� kh]eZkh\ZgZ Z\lhjhf� ih�

jZaguf� bklhqgbdZf�� JZkkfZljb\Z_fZy� bkoh^gZy� kb�

kl_fZ�mqblu\ZeZ��� g_aZ\bkbfuo�dhfihg_glh\��Y, Fe, 

Al, Ti, Si, Mg, K, Na, Ca, P, F, Cl, S, N��&��+��2�b�we_d�

ljhg�����>ey�blljby�gZfb�mqblu\Zehkv�\hafh`gh_�ijb�

kmlkl\b_�\�jZkl\hj_�35 bhgh\ b�dhfie_dkh\, b�lj_o�fb�

g_jZevguo�nZa ± <�HG�3, Y2H3, Y2O��dk_ghlbf���;jhfb^�

gu_��bh^b^gu_��jh^Zgb^gu_��pbZgb^gu_�b�̂ jm]b_�bhgu�

blljby��hlkmlkl\mxsb_�\ ihjh^Zo ijhnbey \u\_ljb\Z�

gby��g_�mqblu\Zebkv� 

K\h[h^gmx� wg_j]bx� h[jZah\Zgby� ]b^jhdkhdhf�

ie_dkh\ blljby ¨fGo >`�fhev�\uqbkebf�ih�j_dhf_g^Z�

pbb�[14]��]^_�ijb\_^_gu�dhgklZglu�klmi_gqZlhc�^bkkh�

pbZpbb�^ey�hkgh\Zgbc�blljby: ��5
4 = 6.30, ��6

4 = 5.30, 

��7
4 = 4.40, ��8

4 = 3.50. 

< jZ[hl_�[15] ijb\_^_gu kf_rZggu_�dhgklZglu�h[�

jZah\Zgby� ]b^jhdkhdhfie_dkh\ blljby� ijb�

250K����0K: lg�1 = -6.24, OJ�2 = -7.3, OJ�3 = -9.3. 

LZdbf� h[jZahf, j_Zdpby ^bkkhpbZpbb hkgh\Zgby�

blljby�ih�i_j\hc klmi_gb�[14], ijhl_dZ_l�ih�j_Zdpbb� 

Y(OH)2+
�j-j� = Y3+

�j-j��+ OH-
�j-j� (3) ��5

4 = 6.3 

¨fGoOH-
�j-j� = -�������>`��fhe [14]. Hlkx^Z�ihemqZ_f�

agZq_gb_� k\h[h^ghc� wg_j]bb bhgZ� Y(OH)2+
�j-j� = -

881914 >`�fhev�  

>bkkhpbZpby�hkgh\Zgby�blljby ih \lhjhc�klmi_gb� 

Y(OH)2
+
�j-j� = Y(OH)2+

�j-j� + OH-
�j-j� (4) ��6

4 = 5.3. 

AgZq_gb_� k\h[h^ghc� wg_j]bb bhgZ Y(OH)2
+
�j-j� = -

1069423 >`�fhev�  

:gZeh]bqgh�ihemq_gh�agZq_gb_�k\h[h^ghc�wg_j]bb 

bhgh\ Y(OH)3
0
�j-j� = -1251796 >`�fhev�b�Y(OH)4

-
�j-j� = -

1439305 >`�fhev� 

Ih�[15] j_Zdpby�^bkkhpbZpbb�hkgh\Zgby�blljby ih�

i_j\hc klmi_gb ijhl_dZ_l�ih�j_Zdpbb� 

Y(OH)4
-
�j-j� = Y(OH)3

0
�j-j� + OH-

�j-j� (5) ��6
4 = 6.2 

KjZ\gb\Zy� agZq_gby� dhgklZgl� klmi_gqZlhc� ^bkkh�

pbZpbb�[14] ��7
4 = ����b�[15] ��7

4 = ����fh`gh�ijbgylv�

kj_^gxx�\_ebqbgm����� 

Bkoh^y� ba� wlbo� ij_^ihkuehd� fu� hdhgqZl_evgh�

ijbgbfZ_f�agZq_gby�dhgklZgl�klmi_gqZlhc�^bkkhpbZ�

pbb�hkgh\Zgbc�blljby�� 

��5
4 = 6.3, ��6

4 = 5.3, ��7
4 = 4.4, ��8

4 = 5.3, ��9
4 = 7.3, ��:

4 = 9.3. 
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AgZq_gb_�k\h[h^ghc�wg_j]bb�bhgh\ Y(OH)3
0
�j-j� = -

1251796 >`�fhev� Y(OH)4
-
�j-j� = -1439305 >`�fhev��

Y(OH)5
2-
�j-j� = -1638228 >`�fhev�b bhgZ� 

Y(OH)6
2-
�j-j� = -1848565 >`�fhev� 

<�[14] j_dhf_g^mxlky dhgklZglu�klmi_gqZlhc�^bk�

khpbZpbb� kmevnZlh\�� dZj[hgZlh\�� ]b^jhdZj[hgZlh\��

oehjb^h\��nlhjb^h\ blljby��lZ[e������ih�dhlhjuf�\u�

qbke_gu�agZq_gby�k\h[h^ghc�wg_j]bb �lZ[e����� 

<k_� kh_^bg_gby� blljby� \� jZkl\hj_� k� hj]Zgbdhc�

\aylu�ba�[12]. 

<� kijZ\hqgbdZo� [10], [12] GJO�� LD<� k\h[h^gZy�

wg_j]by�gbljZl-bhgZ�NO3
- = -�������>`�fhev� H^gZdh�

\�jZ[hlZo�[16, 17] , gZ�hkgh\Zgbb�ZgZebaZ�khklZ\Z�[Zc�

dZevkdhc� \h^u�� j_dhf_g^mxl� agZq_gb_� k\h[h^ghc�

wg_j]bb bhgZ NO3
- = -������>`�fhev� Wlh�agZq_gb_�fu�

ijbgbfZ_f�aZ�hkgh\m��Ihwlhfm�ijbgylu_�\�[12] ̂ Zggu_�

^ey�gbljZlh\�blljby�gZfb�i_j_kqblZgu�k�mq_lhf�wlhc�

ihijZ\db: ¨fGoYNO3
2+
�j-j� = -������� >`� �fhe� b�

¨fGoY(NO3)2
+
�j-j� = -�������>`�fhe. >Zggu_�ih�^bnhk�

nZlm��J2H7)4- ^ey�blljby�\aylu�ba�[12]. 

 
LZ[e���� AgZq_gby�pin

o ^bkkhpbZpbb�eb]Zg^h\�<+3 ijb���hK�b���[Zj 

[Table 1. The pin
o values of Y+3 ligand dissociation at 25hK and 1 bar] 

Eb]Zg^/pin
o 

[ligand/pin
o] 

¨Go
f(298) 

>`/fhev 

>¨*o
f(298)J/mol] 

pK1
o pK2

o pK3
o pK4

o pK5
o pK6

o 

OH- -157262 6.3 5.3 4.4 5.3 7.3 9.3 

SO4
-2 -744459 3.92 2.52 0.46 Å Å Å 

HCO3
- -586870 1.82 1.37 0.72 Å Å Å 

CO3
-2 -527983 6.94 5.28 Å Å Å Å 

Cl- -131290 0.77 -0.23 -0.83 -1.76 Å Å 

F- -281751 4.8 3.94 3.27 2.01 Å Å 

NO3
- -43522 0,64 0,34 Å Å Å Å 

 
LZ[e���� AgZq_gby�klZg^Zjlghc�k\h[h^ghc�wg_j]bb�=b[[kZ�^ey�dhfihg_glh\�\h^gh]h�jZkl\hjZ 

b�l\zj^uo�\_s_kl\�blljby��>`�fhev���bkihevah\Zgguo�ijb�fh^_ebjh\Zgbb 

[Table 2. The values of the standard Gibbs free energy for the components of the aqueous solution 

and the solid substances of yttrium (J/mol) used in the modelling] 

Bhg� 

ch_^bg_gb_ 

[Ion, compound] 

-¨*o
f(298) 

>`/fhev 

>¨*o
f(298)J/mol] 

Bhg� 

ch_^bg_gb_ 

[Ion, compound] 

-¨*o
f(298) 

>`/fhev 

>¨*o
f(298)J/mol] 

Bhg��kh_^bg_gb_ 

[Ion, compound] 

-¨*o
f(298) 

>`/fhev 

>¨*o
f(298)J/mol] 

H22�`� 237141 <HG2+
�j-j� 881914 YF4

-
(p-p) 1895715 

Y+3
�j-j� 688698 <�HG�2+

�j-j� 1069423 YC2H4
+

(p-p) 1396200 

YSO4
+

(p-p) 1455528 <�HG�30
�j-j� 1251796 Y(C2H4)2

-
(p-p) 2089489 

Y(SO4)2
-
(p-p) 2214369 <�HG�4-

�j-j� 1439305 Y(C2H4)3
3-

(p-p) 2761021 

Y(SO4)3
3-

(p-p) 2961453 <�HG�52-
�j-j� 1638228 Y(CH3COO)2+

(p-p) 1073196 

YCl+2
(p-p) 824382 <�HG�63-

�j-j� 1848565 Y(CH3COO)2
+

(p-p) 1454358 

YCl2
+

(p-p) 954359 <&H3
+

(p-p) 1256288 Y(CH3COO)3
0
(p-p) 1822468 

YCl3
0
(p-p) 1080912 <�&H3)2

-
(p-p) 1814404 Y(CH2 HGCOO)2+

(p-p) 1363565 

YCl4
-
(p-p) 1202158 <+&H3

2+
(p-p) 1285955 Y(CH2 HGCOO)2

+
(p-p) 2003717 

Y(NO3)2+
�j-j� 735848 <�+&H3)2

+
(p-p) 1880644 Y(CH2 HGCOO)3

0
(p-p) 2646380 

Y(NO3)2
+
�j-j� 781336 <�+&H3)3

0
(p-p) 2471623 Y(CH2 HGCOO)4

-
(p-p) 3286113 

OH-
�j-j� 157262 YF2+

(p-p) 997843 CO3
2-
�j-j� 527983 

Cl-
(p-p) 131290 YF2

+
(p-p) 1302080 GKH3

-
�j-j� 586870 

F-
(p-p) 281751 YF3

0
(p-p) 1602493 SO4

2-�j-j� 744459 

C2H4
-2(p-p) 668879 YP2O7

- 
(p-p) 2672320 H2PO4

-
(p-p) 1283885 

NO3
- �j-j� 43522 YHP2O7

0 
(p-p) 2698680 HPO4

2-
(p-p) 1286161 

YH2P2O7
+ 

(p-p) 2719600 YH3P2O7
-2+

(p-p) 2721692   

<�HG�3 
dj� 1298295 Y2H3

 
dj� 1816944 Y2O�dk_ghlbf 1867900 

ZiZlbl-KH��dj� 

Ca10(PO4)6(CO3) 
12959748 

ZiZlbl-F��dj� 

Ca10(PO4)6F2 
13016237 

ZiZlbl-(HH)2 dj. 

Ca10(PO4)6(OH)2 
12676868 

ZiZlbl-Cl��dj� 

Ca10(PO4)6Cl2 
12485298 

ZiZlbl-H dj� 

Ca10(PO4)6O 
12312041   
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Jbk���� Ih\_^_gb_�blljby�\�ijhnbe_�\u\_ljb\Zgby�nbeeblh\b^guo�keZgp_\��Gbs ± ]b[[kbl��Gth ± ]zlbl��Kln ± dZhebgbl��Ilt ± 

beebl, Py ± ibjbl��Sd ± kb^_jbl��Qz ± d\Zjp��Dol ± ^hehfbl��khdjZszggu_�gZa\Zgby�fbg_jZeh\�^Zgu�ih�j_dhf_g^Zpbb�>��@�� 

[Fig. 1. Behavior of yttrium in the weathering profile of phyllite shales. Gbs ± gibbsite, Gth ± goethite, Rt ± rutile, Kln± kaolinite, Ilt ± 

illite, Py ± pyrite, Sd ± siderite, Qz ± quartz, Dol ± dolomite (abbreviated names of minerals are given on the recommendation of [19]).] 

 

AZdexq_gb_ 

Nbabdh-obfbq_kdh_�fh^_ebjh\Zgb_�ih\_^_gby�bl�

ljby�\�ijhnbe_�\u\_ljb\Zgby�ihdZaZeh��qlh�gb�h^bg�ba�

\hafh`guo�_]h�fbg_jZeh\ - <�HG�3, Y2H3, Y2O3(dk_ghlbf) 

g_�h[jZam_lky��lh�_klv�blljbc�\_kv�\ufu\Z_lky� <_kv�

blljbc�gZoh^blky�\�jZkl\hj_. < hdbkebl_evghc�h[klZ�

gh\d_�\�g_f ij_h[eZ^Z_l�Zgbhg�Y(OH)6
3-, \�\hkklZgh\b�

l_evguo� mkeh\byo� ij_h[eZ^Zxl dZj[hgZl-bhgu 

Y(CO3)+ b�Y(CO3)2 �jbk����� 

<�jZkq_lZo�[ueh�ki_pbZevgh�\\_^_gh�iylv�jZaguo�

ih�khklZ\m�ZiZlblh\�[18] ̂ ey�mq_lZ�\hafh`gh]h�jZkoh^Z�

nhknhjZ��<_kv�nhknhj�\oh^bl�\�khklZ\�dZj[hgZl-ZiZ�

lblZ�b�gZ�^hex�\hafh`gh]h�dk_ghlbfZ�nhknhjZ�ijhklh�

g_�o\ZlZ_l� Nhknhjkh^_j`Zsb_�fbg_jZeu�iehoh�jZk�

l\hjbfu�[20].  

<�bkoh^guo�nbeeblh\b^guo� keZgpZo blljbc� mqb�

lu\Zeky�\�dhebq_kl\_�������\_k����b�fh] ihy\blvky�dZd�

bahfhjngZy� ijbf_kv� ijb� jZajmr_gbb� _]h� ghkbl_ey�

�fbg_jZeZ��]^_�blljbc�bahfhjn_g�� <oh`^_gb_�j_^dh�

a_f_evguo�we_f_glh\��JAW��\�khklZ\�beeblh\�gZqbgZ�

_lky�k�kZfh]h�gZqZeZ�eZl_jblbaZpbb� [21]. H[�wlhf�`_�

ibrml�<�:� ;jhg_\hc�k�khZ\��[22].  

Ih�^Zgguf�[23] kh^_j`Zgb_�blljby \�[hdkblZo�f_�

g__�������b \klj_qZ_lky�hg�j_^dh� Ih�^Zgguf�[24, 25] 

blljbc�\ughkblky�ba�dhj \u\_ljb\Zgby�_sz�gZ�jZgg_c�

klZ^bb.  

LZdbf� h[jZahf, ijbqbghc� \ughkZ� blljby� ba� ijh�

nbey�\u\_ljb\Zgby y\ey_lky�gZoh`^_gb_�_]h�lhevdh�\�

jZkl\hj_�ijb�hlkmlkl\bb�l\zj^uo�nZa� 

Dhgnebdl�bgl_j_kh\� :\lhju�^_deZjbjmxl�hlkml�

kl\b_�y\guo�b�ihl_gpbZevguo�dhgnebdlh\�bgl_j_kh\��

k\yaZgguo�k�im[ebdZpb_c�gZklhys_c�klZlvb� 
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