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Abstract: Magnesium sulfate solution
is an important electrolyte solution
which is widely used in many fields.
The characteristics and the association
equilibrium of Mg?>" and SO4* have
been the focus of attention, which has
important application values. In this
the of
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concentration MgSO4
solutions at different temperature were
studied by Raman spectroscopy combined with Gauss—L orentz peak fitting program. Furthermore, the ion association
equilibrium constant Kr of MgSOj4 solutions were calculated. Furthermore, the apparent thermodynamic parameters of
the associated reaction of Mg?" and SO4>~ and the product of the total contact ion pair CIP' under standard state were
inferred. The spectra experiments results showed that the peak area and peak intensity of the v;-SO4>~ characteristic
peaks in MgSOys solution were linearly associated with the concentration of SO4>~. The free SO4>~ ion was the main
structure of v1-SO4>~ characteristic peaks. During the process of the temperature increasing for high concentration of
1.5 mol/L and 2.0 mol/L MgSOy4 solution, the peak area and peak intensity of the v;-SO4>~ characteristic peaks
decreased, red shift phenomenon occurred in the peak position, and the symmetry of the peak changed. Accordingly,
the content of free SO4>~ ions decreased, the chance of monodentate contact ion pairs (CIP) increased, but the content
of bidentate CIP and SO4*>~ groups structure changed irregularly. Likewise, the ion association equilibrium constant Kr
of MgSOs solution increased which showed that the ion association equilibrium moved to the right with the temperature
increasing for 1.5 mol/L and 2.0 mol/L MgSOQj4 solution, thus more CIP generated. In dilute MgSO4 solutions, there
were almost no bidentate CIP and SOs* groups structure detected, the ion association structure of vi-SO4*
characteristic peaks and Kr value changed irregularly. At the same temperature, the Kr value decreased exponentially
with the increasing of the concentration of MgSOy4 solution.
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Fig.1 Raman spectra of different concentration MgSOas
solutions at 20 °C
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Table 1 Linear relationship between SO4?~ concentration (C) of MgSQ4 solutions and vi-SO4>~ peak area (4) and peak intensity(/)
Peak area, A Peak intensity, /
Temperature, 7/°C A A ; )
Regression equation R? Regression equation R?
5 A=2398.4C+254.48 0.9798 1=281.99C-32.939 0.9961
10 A=2067.9C+477.48 0.9244 1[=245.68C+1.4148 0.9521
20 A=2701.5C-207.83 0.9999 1=291.29C-46.042 0.9967
25 A=3360.1C-513.57 0.9882 1=288.02C—40.682 0.9966
30 A=2413.8C+344.63 0.9647 1=274.07C-13.301 0.9927
40 A=2451.5C+2.7371 0.9947 1=263.47C-12.655 0.9960
50 A=2331.1C+321.99 0.9410 1=244.82C+13.571 0.9638
60 A=2093.8C+209.29 0.9178 1=226.74C+7.0902 0.9377
70 A=2163.5C+3.2845 0.9939 1=233.86C-23.62 0.9989
80 A=2106.8C+277.51 0.8279 1=212.91C+9.0878 0.8110
90 A=1708.0C+637.53 0.8924 1=213.81C+5.8576 0.9217
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Fig.2 Changes of the peak intensity and peak area about vi-SO4?~ Raman spectra of MgSOa solution with temperature
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Fig.3 Band components of the vi-SO4>~ Raman spectra band of 0.5, 1.0, 1.5, 2.0 mol/L MgSOs4 solutions at 50 'C

XF vi-SOL2 W 73U 25 R B, o8 MgSO4 i AL
FARIFIREFRE T, HEA SO& G5l bkt
Bil, BIKT 50%, HELE S A7 12 B U5 B o B 7 0] 25
R, TR FE Al 2B TR S5 R AT SO B 1 A% 4+ e
IR B D, JEHAE 0.5 mol/L FIRFR IR MgSO4
W, R X SR SO B T R4
JUFARA .

KFHE R 1.5 AT 2.0 mol/L [R#E ik JE MgS Oy ¥
T, B SOLPRFE 5 16 5 4 £ 45 46 L A9 it 5L P O A8 Ak

AT, EEHZ SO 25 BT o b bl v i R T i &2
IR, A i 2 X 4 ) LA U B 3R T v A
NI, Rk xR T AT SO B8 T 175 45 1 L 451
B A TE BE S AR (k34 « Rudolph Z51HA A MgSO4
R S, ST A ERKEESS, imsEin
T EAE TR S, SAB RS R Xt
TR 0.5 F1 1.0 mol/L [FHH: MgSOs ¥R,  [RIXL ik
Fefh B XS SO B 1 FARES M T o Ll
b, SO HFEES T 4 b4 £ 25 46 LU AP B 3 R TE P 5



1068 R LR YR $20%
BA=E R
12 () 0.5 mol/L Raman shift/cm™' 12 | (b) 1.0 mol/L Raman shift/cm '
i V77980 =993 [[]1]]] 1003 V77980 === 993 [[1[1]] 1003
Y EEEEEER M e EEEEEE S
- - - -
g 7 2 7 A VI i
g 06 £ 06
04 E o4
02 0.2
0.0 7 0.0 7
5 10 20 25 30 40 50 60 70 80 90 5 10 20 25 30 40 50 60 70 80 90
Temperature/ ‘C Temperature/ C
12 | () 1.5 mol/L Raman shift/cm™ 12 | (d) 2.0 mol/L Raman shift/cm™
7777980 == 993 [[[][]]] 1003 £ 777980 == 993 [[[]]]]] 100!
lmmg % :%%: 10 - == o ey o e P e
f’f; 0.8 77 %77752 § 0.8 77777?7f::§
B A2 N N7
% 0.6 2 0.6
g 04 E 0.4
02 0.2
0.0 0.0
5 10 20 25 30 40 50 60 70 80 90 5 10 20 25 30 40 50 60 70 80 90
Temperature/ C Temperature/C
Bl 4 vi-SOa? U % 25 A G544 L A5 i BE (1 4L,
Fig.4 Changes of the ratio of each associated structure in vi-SO4>~ with temperature
33Mg*5 SO BT HAaRNEH o __ [28IP]
Mg2'h5 SO2 7E MgSOs ¥ 4 K AF B 74 & itk ' [me™ ][50} ]
R, WHEVARANE TGRS 3 Dittr, MEdlE _ [s1p] ®
FURIE RGBS T 45 &0 TR 1 AN 0 4 B8 00 B 7 " [osie]
(2SIP), SRIENTHhialf 2 AR Tkl K, ek _[crr]
3
BT 77 L A B E (STP), e AR R i O [SIP]
(CIP). ZE i B WA T SR =28l BTGV E AL
K,
Mg*" (aq)+SO>" (aq)<>Mg> (OH,),S0> (aq) K, =K + KK, + KKK, 3)

K, K
©Mg" (OH,)SO} (aq) ¢>Mg*' SO} (aq) (M

XF, Mg 5 SOL(aq) N HHIKE B T,
Mg?*(OH),S04> (aq) W 2 NN /K 73 F4r B BB X, R
2SIP, Mg*(OH2)SO4* (aq) At 1 MK T Em s+
Xt, Bl SIP, Mg?*'SO4* (aq) N CIP, Ki(i=1,2,3) %6 F
1 A

I8 B3R 3 B RV, M2 5 SO BT 146 AP
R RN

FHPL e vE T 5 Mg 5 SO 4 & 1 i UK
[F] T Ka A1 Ko Rudolph SE1OR H F7 2 e ik v 8 7 Mg?*
5 SO B ¥4 & P4, ATy MgSOL &R
vi-SOZ FHEIEH R A5 2 P24y 980 em ™! AL H Hi
& S042°5 993 em ! Abfr B =X B XF (CIP), 2SIP Al
SIP WS /E H HA SO, htfFH Mg SO 1)
G & 11 B KR

Kl{
Mg (aq)+free’SO; (aq) <> CIP(aq) @)



59 34 Ve 5 SR B BRI 78 Mg2 Rl SO 4 & T i /e 1069
HREY 22
Koo lerp (5)
: [Mg2+ :| [SOi’ :|R AG(T)) = &Gy, — AfGMgZ' - Astoi’ (14)

A, [SO4 Ik N[SO4*], [2SIP], [SIP]Z 1, [CIP]A
v1-SO2 FFIEIEH 993 em AL CIP Bk #2 ik 30 25 %t
SERIMREE, DA,
I, _[CIP]
Lo + 1oy C;
Ao, TN REIETREE, Cr& MgSO4 IR K .
EH I AT HE T H

(6)

[CIP]

Ky=——t—r>— 7

(¢, —[cr]) @
a

T ®

A2 J5RT MgSOs ¥ AIHL SRR 7T, Jesk
Bl ) vi-SO> RFIEIEHT, BR 15 980 cm™ AL H
A SO,2 F1 993 em™ AL B B xU g T-xF, IS
1003 e AR AL A e 2B 1%, 1021 em™! 40 SO42
B R#%. EEATHE 993 A1 1003 em! AL SR SRR N
S E FRE CIPY, X a(6)~(8)HEAT I i«

a = Logs + Lo - [CIP'] 9)
1
Logo + Logs + 10 + 1121 Cr
2—
a. = Lo _ [SO“ :|n (10)
2
Logo + Loy + Lyg03 + Ly ¢

N on A o 10 G5 P R LA, o 9 SO
BT IR F P R EELE 1

_ [CIPV] _ a,
(G -[aP]-[s0 ] ) C(-a-a)

R (11)
FRAE U265 AT 2 Ko ATOARERIRES N Mgt 5
SO WA & P24 CIP' A1 S Bk AT il 5.
ESHE T=298.15 K FIARAEE IR, RMNHIF
i A K 5751001 B AR RILAG IR
_AG(T)
RT,
K, RONSARHEEL 8.314 J/(mol-K).
SNPETH AL K XTI TR KRS Gibbs-
Helmholtz 77 F£2%1.

1nK5p(T)=1nKsp(Tr)_Ni§Tr)[1_1]+

ACP(T')(mTﬂ_lJ (13)
R T T

AG(T) N S B2 A e 5 Js N o e A ol 75 A 39 B

(12)

AH(T) 4565 SR A SRS (kJ/mol), AT LA i 45 4)
ol R A 2 BSOS T 55

AH(T)=AH, _A:‘HMgz‘ -AH, (15)

TPs 503*

ACH(T) NZE A AR LI [J/(mol K)], AT %
YRR AR AE B R A 2

AG(T) = CP,CIPs -G

P Mg

~Cogr (16)
3.3.1 ZE P A K A8 B IR AR A B

XA DTHE 4 DNAFEIREE ) MgSO4 AL 5,
10, 20, 25, 30, 40, 50, 60, 70, 80, 90 ‘C It Mg 5 SO
AP R Ke, SR WK 2~5. BRATH, BEERE T
%, 0.5 A1 1.0 mol/L ] MgSO4 & H Mg?*5 SO )
ST B B KR B AR, U H AR IR 5 I 0.5 mol/L
MgSO, Fi¥i i, Kr Bl AR TC I B AR LA, 1.0
mol/L 1Y) MgSO. K ) Kr i Ui FE T A7 Ak b THEa %,
BB AN R . A R, — 5 5T
WEE MgSO4 IR, vi-SOL2 FRHIE G (1)U 5 BE AR (A 2),
A A S 25 B VR S I UL B iR 22 L R IR B VAR A
X BT T 0.5 A 1.0 mol/L HIEH
MgSO, ¥, Fefih =B TXF 45 A SO2 3 T4k 14
FIT i L1552, SO HFAE 25 U v 4 Foh 4 & 45 44 LU A9 B
T AR, Ke BB GEA AR,
MgSO4 BRI LA, X PR EA B

MgSO, RN 1.5 A1 2.0 mol/L Hf, Mg
SO I 4f &~ 5 K K Bl TRLE THE AT 3B T 1S R 3,
Ui A B VAR THE . SO& Mg & s Hh A £ 1)
P 3 5 A i SR HEP A A AR B, K BEZ 3K
X5 SE GBI i dh i — 8 INGR& P 507
Tk — 25 e BT T MgSOs ¥ Mg2'5 S04 4
A1 B AR A A
3.3.2 GG T A K (B BE W AR FE AR AL R

WA T M5 SO2 W46 &1 4 K b8
MgSO4 IR FE AR an ] 5 s o o] WAEAS[RIIR
FESAET, BE MgSO4 MR 51, Kr 31 2 DUAEH%
IR, MgSO4 IR =T 1 mol/L B, Kg BEIKRE
NESEEAR L, T RRE . MR PR IAE MgS0, —
TR T, B SOL B FIREEIN, H A SO M4
EAsi) 2 2 3G, A i RS 0 5 R CIP' R 45 44 LL A5
T2 kb, AN T 25 SR — 20 s i AN ST A A
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Richard!"3Iff] DRS 777kl 2 3 2 I 45 5 —%5 . Richard!'?!

SO % & T H AL Kr BE MgSO4 IR AL Sl SLIRUESEEE MgSO, IR EEIE N, S 15
% 5 Rudolph ZFUOIHIHL 86N E R B LR & FEANIEIN, 466 TR B,

2 0.5 mol/L MgSO4i&B&ETF Mg>5 SO MG & FEEHR
Table 2 Association equilibrium constant of Mg?" and SO42” in 0.5 mol/L MgSO4 solution

7/C T/a.u. Icip/a.u. Lpi/au. a 1o Cr/(mol/L) Kr
5 108.2644 15.4029 0 0.1423 0 0.5 0.3868
10 110.0927 15.4029 0 0.1399 0 0.5 0.3783
20 109.7905 16.8771 0 0.1537 0 0.5 0.4293
25 113.6369 12.7814 0 0.1119 0 0.5 0.2837
30 116.8395 10.9245 0 0.0935 0 0.5 0.2276
40 110.4496 11.7181 0 0.1061 0 0.5 0.2655
50 113.9077 8.6887 0 0.0763 0 0.5 0.1788
60 95.6876 9.6659 0 0.1010 0 0.5 0.2500
70 97.1567 8.9337 0 0.0920 0 0.5 0.2230
80 99.2624 10.5182 0 0.1060 0 0.5 0.2651
90 98.078 14.2906 0 0.1457 0 0.5 0.3993
3 1.0 mol/L MgSO4 &+ Mg*'5 SO M4 & FEEH
Table 3 Association equilibrium constant of Mg?* and SO4>~ in 1.0 mol/L MgSO4 solution
T/C la.u. Icp/a.u. Loxi/a.u. a 1o2) Cy/(mol/L) Kr
5 240.7406 25.2703 13.7453 0.1050 0.0571 1.0 0.1495
10 243.1407 10.4717 0 0.0431 0 1.0 0.0470
20 230.4031 9.56011 0 0.0415 0 1.0 0.0451
25 233.3458 18.8263 3.4769 0.0807 0.0149 1.0 0.0986
30 279.3593 15.9803 5.2390 0.0572 0.0188 1.0 0.0669
40 258.2795 28.7846 7.6139 0.1114 0.0295 1.0 0.1510
50 301.9313 20.6266 6.2607 0.0683 0.0207 1.0 0.0823
60 286.1117 37.7588 6.0809 0.1319 0.0212 1.0 0.1840
70 203.0111 17.8651 0 0.0880 0 1.0 0.1058
80 289.0207 39.1130 8.0287 0.1353 0.0278 1.0 0.1932
90 265.5147 37.5564 2.5874 0.1414 0.0097 1.0 0.1963
&4 1.5 mol/L MgSO4 /&l Mg 5 SO M & FREH
Table 4 Association equilibrium constant of Mg?* and SO4>~ in 1.5 mol/L MgSO4 solution
T/'C T/a.. Icip/a.u. Loi/a. a a Cy/(mol/L) Kr
5 406.0211 14.8917 18.1454 0.0366 0.0446 1.5 0.0289
10 420.3211 44.6371 0 0.1061 0 1.5 0.0886
20 390.0126 24.1352 11.3534 0.0618 0.0291 1.5 0.0499
25 388.3953 33.1783 9.9041 0.0854 0.0255 1.5 0.0720
30 381.3141 344211 0 0.0902 0 1.5 0.0727
40 393.5342 55.6247 10.2035 0.1413 0.0259 1.5 0.1358
50 359.9537 42.3146 1.5610 0.1175 0.0043 1.5 0.1016
60 316.9678 46.9893 7.5014 0.1482 0.0236 1.5 0.1441
70 330.0986 56.0728 7.6058 0.1698 0.0230 1.5 0.1738
80 243.2534 40.6342 6.0652 0.1670 0.0249 1.5 0.1705
90 278.9556 61.2246 4.1220 0.2194 0.0147 1.5 0.2495
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5 2.0 mol/L MgSO4 &+ Mg?'5 SO WIS & FETEH
Table 5 Association equilibrium constant of Mg?* and SO42~ in 2.0 mol/L MgSO4 solution
7/C Ta.u. ICIP/B..LL [1021/3.[1. [24] (053 CT/(IIIOI/L) KR
5 523.1466 49.6980 11.2926 0.0949 0.0215 2.0 0.0608
10 460.4966 50.0233 9.7362 0.1086 0.0211 2.0 0.0717
20 542.0679 49.8265 7.3224 0.0919 0.0135 2.0 0.0574
25 541.9829 52.1550 8.3466 0.0962 0.0154 2.0 0.0610
30 539.6400 54.4488 8.2533 0.1008 0.0152 2.0 0.0645
40 504.4890 55.5047 35113 0.1100 0.0069 2.0 0.0705
50 502.6040 50.9898 2.9412 0.1014 0.0058 2.0 0.0636
60 463.3066 58.6325 5.6721 0.1265 0.0122 2.0 0.0853
70 444.5642 81.8248 4.9004 0.1840 0.0110 2.0 0.1420
80 469.3699 94.0080 4.1079 0.2002 0.0087 2.0 0.1600
90 449.9556 112.6658 4.6808 0.2503 0.0104 2.0 0.2291
045 . T Mg 5 SO Zi A 1E 993 em! A 1 B ok B A 20 5 1 o)
el Temperature/
o 2 - =
od0 L N —=5 ght), MZFEFEEET 1003 em™ Ab X B R 10t
\ --e-20 e
035 - ZERAN 1021 e ALY SO B T RIFRSE ), #FFI/) K
0.30 - >y > - S e Y
© ons WA T SO, (HEE AT vi-SOL2 REAE I IR S BRIG 1L,
025 -
A
020 |- AT,
0.15 -
0.10 - 0.35
0.05 -
0.00 ) 0.30 -
22 0.25 -
Concentration of MgSO, solution, C/(mol/L) 0.20 =— Ref. [13]
. SN ® --@--Ref. [10]
IS Kn b MgSOs Wik FE 1251k < sk . Ty R0
Fig.5 Changes of the Kr with the concentration of H )
MgSOs4 solutions 0.10 - e
A A4
0.05
NRAIE A A A8 SO BT 2 BB, A4 000 o ‘

RSS2 25 CHIAFR FE 1) MgSO4 ¥R HH Mgt 5
SOL> [ 4 E 1 i 4 Kr 5 SCHR[10,13] 1945 ST T EE
B, W 6 ftas. HERTAL B8l e 5211 Ke %
KT DRS AiEMIME SR, DRS FiEA I Mg>t 5
SO M4 &P H BUE BR T KA, 1R 2ok
EWE TG A AT K, R 2STP A SIP okt 4y &5k
W7 AR, TETHE Ke (I, 48 2SIP #1 SIP #
BAHEEABE SOL, Rtids kit 58314
HPH R A Kr 2 — FRRR R AR LB =, AR T A%
GUinT )5 S S BT A0

Rudolph 25T Richard! P50 A Mg> 5 SO
(A= B 1% CTIP R 993 em! Ak FA 4 A5 4544 »
PCIX PR T 2 AR K B, H— 52 E
(RSEIA , 5y — 77 TH B 17 2 i s {53 (% T DRS 77
I EAE, R Rudolph 25019023 °C R 1L 2 S il 5 (.
WA T Richard!*125 ‘C R [¥) DRS 52 {8 . AHF 78 BE 5 fE

| . . | .
0.4 0.8 1.2 1.6 2.0
Concentration of MgSO, solution, C/(mol/L)

Bl6  KritSfE5SSCHRE ) HEL
Fig.6. Comparison of the calculated Kr with the literature value

3.3.3 Mg*' 5 SO B T4 &R MM 1S HEEN
BEEVN, KB GEET 158 4 &7
WH Ke AR TR G 55 S s BT i #1,
HAT SR B2 TF FE, X Mg 5 SO2 B T &R
I R FL AR ) B s S X CIP IR ML 1 2 54
HEATHEN . AN FIRE M2 5 SO2 5 T4 & T i 5L
Kr BUPSAME , RIS RS 2 TR 6 RIL R A
K)FATIEE 7), AIHRRERERES T Mg?5 S04
B T4 A R LI AG(Ty), AH(THR Co(Ty) SR MM 1225
B, 2% Mg 5 SO W1 Z 0%, R H
(14)~(16), FIIFFAFBIARAECRES T A R B2 A U 1
X CIP'H AG, AdH FI Cp SR I 1S4, WK 601X
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®6 Mg"5 SO BTFHARNREER CIPHRMHRHNEF
et
Table 6 Apparent thermodynamic parameters of the associated
reaction of Mg?" and SO4%~ and the product CIP'

Species AsG/(kJ/mol) A¢H/(kJ/mol)  Cp/[J/(mol-K)]
Mgt —454.30 —466.85 -113.76
S04 —744.53 -909.27 —293.00
CIP’ —-1194.25 —-1377.92 —-26.76
The associated reaction (77) 5.08 —-1.80 380.00

Note: A¢G, AiH and Cp of Mg?* and SO4>~ come from the reference [30].

4 % %

K B2 EER T T A FHRER MgSO4 I TE
ANFRE T Mg2 fl SO 4 A S5 /AR (A, 115 T
Zia-FETERL [BWTER:

(1) MgSO4 IR H SO MR E 5 vi-SO42 RFAIE I 1705
T RURN U 5 B 2 (RS PR AR OGO &R

(2) 1.5 #1 2.0 mol/L f¥] MgSO4 &M vi-SO2 FFHE 1%
F147 U 6 5 R O T 6 3 P32 s T /S, WA B [ I U8
iRl VR ARVEZE LSS, £E 990~1000 cm™ H I
—ANB W, LR R B I T TG SR . T 0.5 Rl
1.0 mol/L [] MgSO4 ¥EWK vi-SO4> RHAIE IR it B2 A8 TG
I 2 A

(3) HHEE SO 45H2 MgSO4 W vi-SOL2 HEE
WS Py 32 B A 4 W o RSN 1.5 F1 2.0 mol/L B ik
MgSO4 ¥, H HAS SO 4544 L 5] Bt v ¥ L FE T v 2
RS, b b A 3B Xt b A A U I Y T
A NG, R R A X SRR SO>S T 1%
SE A LU AT 5 1 5 T B 2 R . 0.5 mol/L AR

Pk FE MgSO4 i, WU HE i xRS X 25 4 A SO42
BB AREH, H SO HFIES TG 4 Fi
Gl G5 R LU AT B R 2 TG B AR

4) HHET Mg>Hl SO M4 & AT H Al Ke THE
AR WA 1.5 A1 2.0 mol/L Y MgSO4 ¥ Mg> 5
SO M2k~ 5 A K W LS T 5 A S T3 K s,
0.5 1 1.0 mol/L ] MgSO4 ¥ H Mg*' 5 SO M4k &
ST R A Ke JEENIOR, TCEH BRI . A R B 2%
T, K B MgSO4 ¥R BE 1) T =y S I B P
#, WHEARIN 25 CHMAT M5 SO 14 & T
A Kr 5 SCERE RS AT 200

(5) 1E Mg?"Fl SO 46117 1 4 Ke I 2ER -,
XIFREERZS N Mg?' 5 SO2 B4 G W S H AR BT A
Fefh B X CIP' BRI 1 5 S B0 AT T HENTH 5.
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