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Abstract: A rapid and accurate method for the speciation analysis of iron (Fe), copper (Cu) and manganese (Mn) in wine was developed using
a tandem column solid phase extraction (SPE) and an atomic absorption spectrometry (AAS). The optimization of SPE conditions, and the effects of
pH values (3.00~4.00) and organic acids (single or blend) on recovery rates of metal fraction were investigated in wine-like solutions. Under the
optimized activation conditions and flow rate (1 mL/min) of Polyclean X-HLB column linking the column of Superclean SCX at a flow rate of 2
mL/min, these metals were efficiently fractionated into hydrophobic, cationic and residual forms, with a subsequent direct determination of metal
ions by graphite furnace AAS. The limit of detection for Fe, Cu and Mn was from 0.39 to 1.56 pg/L, obtaining the recoveries from 90.53% to
112.18%, with the relative standard deviation between 0.89% and 7.12%, suggesting the assay is sensitive with good reproducibility. In aqueous
alcoholic solutions, significant effects of pH and organic acids on the distribution of ferric and cupric ions were observed, while few effects were
found for manganous (II) ion. In real wine samples, the distributions of Fe, Cu or Mn were different between white and red wines, and were affected
by chemical components and the redox state of a wine, present with the predominant residual (Fe, Mn) or hydrophobic (Cu) form.
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AT ) A A T CAnRl AR
RARD, (HR I RS LIE H 2 SR Ae, T H RN A A
TR T RTE SR . AR S R R
NIV Gl 2B KIEML, B (Fe) B
TAE G RG] A7 0 SR S S AR A SR B AL P
U9, JEA7 004 (Cuds 4 (Mn) BB S 1
AV, B BRI H AN B 46 AT S0t , 457 1
Hi Fe. Cu. Mn 2518 B O KIREEREARS. SR,
EAAE I GRS, X SR h ik 4
JR KIS B A B DA

VIV N 7200 X = b el L A G
FAAE SR RIS, BFcRMNS.
HARMGEEEN, B MR, HENR 4SBT
SAMURGE 1 mAED AT PR, 2
BRI S R, CER AT, AR
PRI CRILRYD REHE Fe bR N
Fe?', (Bt WA BRI RIRAE Y S Fe'r
TR &, — e RERE EAMHImSPIR r A s
pH Ak SRk & vt S R ), R
ZHR, mETL SRS S R A .
Pk, #EFENEARSR T 5SERMEERR, B
BT RS A 2800, HAETARERES I
AREHER D, H 2 R rR,

HEWR B2, SRouRESI iR T
Yo TASHASEEZ IR, P R B AR BT
TERIEA AT, AR HAR TR A
A BTG HAR I, i s
OB BTV T BRI [ AHACHL (SPE).
oy BRSSP, Forh, SPE VA i Tk B,
IR AHVERIE RS E 2 A, Camh
— IR e 00 S PR R A B AR PO, Ak,
HR IR FOURE SPE SRR B AT AL, 2545 Kfe
JE TR ISTE (FAAS) BHRLEGRE & 55 B R A SR i

(ICP-OES) # Il T #I & Fe. Cu S5 Jm i
(g™ SR, X TEH T 2 I I A
WA R A£5E00 C18 A HUR: 2 ASHRK
VERIERI, XFomR RS R,
SRR AT (TR BE 022 IR >,
T BA LA B £ 3 BERE A5 AL P ) LIRS W R
HETHRERSSRET OULR P Hiikaess
EAR, C18 FEHASE AT AR &1 b 2 B AN ]
PRI . 5 C18 HEMLE, DAY — L)tk
H- LTS BE R BRI HLB. [ AH A UL 38
B, SEIES RE RE S R A R,

ASZIGEIE R HLB AEAE C18 A AL EE

AR, DARAERUI A 558 pH {E. 7
PRI E 25 RIIREM, G5 TR SEMEVEY, M
—ARIEAER . M T HIETE T Feu Cu. Mn 2570
BBk, IXXET B %8 Fe. Cu. Mn B2
IIATHRFAE, RN T & AL R A 2

1 MR5ERE

L1 B+

PRI (12%, V) ;B PR
HEG (2017 FEAREER T, 355 3O FMAR&E (4
AEZWTH: 2017 & 3 3K, 2019 45 1 ;2015 4
TAATE 10, kB HREFEY. 7 2 A
A AR T B9 05 A e A0 22 B FE A Al
P15 22 bR 4 SR} TR B R A T

PRSI (12%, V/V): =T, &F 100 mL
RS 12mL KR DIAER, sdsin
SEE T BTREAENR, 255 EEEET.

(T RR+EJRE 1) AR KSR, ¥
FCELF o BRAERESIVERE, RV & E R E N
2000 pg/L Fe*". 500 pg/L Cu> 12000 pg/L Mn®",
THRUE N 500 mg/L.

B . SR S 7k, meHls 18
mmol/L (+)-THA RIS KIER (12%, V/V), FIH
1 mol/L NaOH W ¥ 1) pH AE N 3.20. RASGT
i T ERE .

1.2 L 5 A

Agilent AA 2407 1 58 40 R T WU Ok B AR
(GFAAS), Z[H Agilent A7]; Milli-Q B4k R5:t,
2:[® Millipore 2] ; BT100FT 753818 574 Fe i 5h
R, REtBIIRIARAR; FHO-7023 12 f7[FEFHAE
W E, TTMNIED T IR AR AR A A . Polyclean
X-HLB Oz AHFEAHZEEUH:, 500 mg/6 mL) Al Superclean
SCX (PHEF =4S AHZEEUE, 500 mg/6 mL), /M
FED IR IS A TR AT . bRiES: 1000 mg/L Fe™'.
Cu”™ (AAS %), 1000 mg/L Mn**. Zn*". AP’" (ICP
%), [ Sigma-Aldrich A7 . LA (99.5%).
L-EAREM (99%). L-3EHRER (99%). FFE R
(>99.5%). FLER (>85%). BEHIMR (>99.0%), 43#r
ali, Sigma-Aldrich A%, &, >99.5%, 4MHr4l, |~
FRICERH A IR AT o WRAHER, 65%~68% (V/V),
g2, W R FRFARA A KRR,
36%~38%, tLgizt, DUNIPEREAF#ARAR; NaOH,
>98%, 4L, RETICERHIKBEARAR: TK
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LI, ortfral, DUNPERERF AR AR . S5 K
FiEAiK (FEPHZ 18.2 MQ-cm).

SIS A FH B S AN S R A 53 10% HNO;
RO RIS, P RREAKTSE T, 5T
JefdiH .

1.3 B4 FBUEE AL

Z: 8 Polyclean X-HLB 75 1t /7751 Kontoudakis
SO IRE, B 4 M T 20 mL
BE—30 mL 7K (720 1, “> ERAHERTT M08
)20 mL FEE—30 mL 7K—20 mL B 720 2);
20 mL HE%E—30 mL /K—10 mL 1 mol/L [f1£EEZ—20
mL BIAE (530 3); 20 mL FEE—30 mL 7K—10 mL1
mol/L [JE5FR—30 mL 7K—20 mL #HE (5l 4).
H AT, SCX FEE AT VEB N — 2, Superclean
SCX H:iHAL 7720 40 mL 7/K—10 mL1 mol/L [k
f%—20 mL 7K—10 mL1 mol/L ] NaOH—40 mL 7K.

B AR B E AR, %GR Bl 1~2
mL/min [PJREARJGEEME . 526 GRE, R
2% 10 min 7245 2B SPE kR 7K 5

W B2 B TS MR B %

L 15 mL ke, @GRS LL 1
mL/min JE 1 56T Polyclean X-HLB #£: H{5 mL
WM (B D e BrEEEE, BKSEEmR
STHATP SRR E RS 1 hieEEED:
AR 10 mL P EEE B 2 mL/min (R E i
Superclean SCX #F, FR{GFREASER (W2, HT
ME e Bire B R ESEE). &a, FH 2
mol/L HNO; ¥/t SCX 4%, WAL (Wi 1,
T IE & @B &), tnldid i85 1 fig sy

1.4

2 (ZEAE AT LR . B BT, &R E=HKaE
+RHE TR A

B RO E 1

EVE: 1% HNO; V. FRfEidm: M 1%
HNO; WK Fe’™s Cu®™ . Mn® bRk ismiinee, o)
Ji 200 pg/L HIARAED) 5T 1 25K -

FrfErh 2224 LL 1% HNO; N, FIH
BRI R TIRISOEEA (GFAAS) 3 HIE 5 &
WREEBEFE Fe*™ (0. 20, 40. 100, 160 pg/L). Cu*'

(0~ 20, 40, 60, 100 pg/L) A1 Mn*" (0. 20. 40,
100+ 140 pg/L) bRAEE . Fe (K152 I KA 372.0 nm,
BEEDEE 0.2 nm, ATHLI 5.0 mA; Cu T K A
327.4 nm, PREETEFE 0.5 nm, *THLJE 4.0 mA; Mn ff)
SIHTIKSE 403.1 nm, BREETEFE 0.2 nm, *THLIR 5.0
mA. DUSgia ORI, DA EE B, R
BUN 10 pL. AXEHEEBERE T H 3RS VR
WER RS, e hibriE 2k . GFAAS TERE T RIS
R ELR 1 iR,

FRARPIE 68 S b & BT 1% HNO; i T1E
MFEREIG, EEEREIE, S5 F hARAE I R

1.6 J7 ik REE

TSR PE LOD (= Az 5 T R Gu e 75 7K P ] szl
B N R BAR A AT D Al &R LOQ (AT HERAAN
SR D HT R RARACT) YEAS 700 R g™

LOD=3c/8

LOO=100/§

NS

o ——E MBS RMBA AL (00 )

S——Ar i B,

1.5

1 MEFe. Cus, Mn WAESBINEEIEF
Table 1 Graphite furnace temperature program for determination of Fe, Cu and Mn

Fe Cu Mn
FH BESC EEs AR E/(L/min) B|E/SC BTSRRI E/(L/min) BE/C BfIEl/s AR E/(L/min)

1 85 5 0.3 85 5 0.3 85 5 0.3
2 95 40 0.3 95 40 0.3 95 40 0.3
3 120 10 0.3 120 10 0.3 120 10 0.3
4 700 5 0.3 800 5 0.3 700 5 0.3
5 700 1 0.3 800 1 0.3 700 1 0.3
6 700 2 0 800 2 0 700 2 0
7 2300 0.8 2300 0.8 2400 0.9

8 2300 2 0 2300 2 0 2400 2 0
9 2300 2 0.3 2300 2 0.3 2400 2 0.3
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=2 FEHRI Polyclean X-HLB FERHRT & BB F@T RSN
Table 2 Effects of activation methods on the throughput rates of metal ions in liquid effluents from the polyclean X-HLB column

BRI EeF X Fe'(2000 pg/L) @it/ Cu*' (500 ug/L) @it H/%  Mn*'(2000 pg/L) @it FE/Y
1 1,631.83£32.48°  84.83+1.69° 470.45£2.05°  94.57+0.41° 1,789.16+6.05  92.74+0.31

AAET 2 1,644.21£52.79™  85.47+2.74® 47335£643" 95.16£1.29°  1,831.87£9.80° 94.95+0.51°
3 1,733.33£91.06™  90.11+4.73®  471.90+38.18* 94.87+7.67°  1,825.06+42.34* 94.60+2.19°

4 1,802.55+24.90°  93.71+1.29* 467.80+8.34°  94.04+1.68°  1,809.14+£32.19° 93.77+1.67°

1 139.64+2.43° 6.56+0.11° 408.20+20.22°  83.13+4.12°  1,589.94+26.67* 80.76+1.36

o 2 94.20+0.91° 4.42+0.04° 397.40+21.21°  80.93+4.32°  1,600.94£1437° 81.33+0.73°
BT EST b b . . . a
3 101.14424.37 4.75+1.15 379.70+24.18%  77.33+4.93 1,658.89+60.49° 84.27+3.08

4 79.05+2.86" 3.7240.13° 403.30423.76°  82.13+4.84°  1,637.98+121.03" 83.21+6.14°

E: AR 4R (2B TRETHREEBT), RIAELARRNEFREEATERZE, p<005, TF.

1.7 7k W Aok 55

T VT ER IOSURE [ AH 2 - iR - TR SO TS 1
HERME, RPZLRIATN . R A R AT bR ek
Uraap ALY E

[F1IRC%/%=100%(C,-Co)/C”

XF:

Ci——hArEtten ¥ & B0 RE, ng/L;

Co—— AL AT A b P 2B 69 RE, ng/L;

C——mEB F MG ATAERES), pg/L,

FAY o B AT IR B A KT IRIRE Fe¥ R Mn®"
500 ug/L, FHIREH 2500 pg/L; MKARE CuP'h 20 pg/l, &
RIEH 500 pg/L.

A LA S PRI R G
NFE A & E S EERENE 6 I, THEAMN R
Rz (% RSD), VAL TIENIRE % .

1.8 HELRIT A

B BIEACFHAE DPS V6.50 3455256 Kd 1)
ANOVA (Duncan #EWZEE), BMEEEET 3K,
HEER PP EErEZER R . FIH Microsoft excel
2010 F1 Origin 2018 BT K F 24

2 GR59%H

2.1 Polyclean X-HLB #% i 7& 1,

SERIER 2 Fow, A E S B IR KA T
1, 4 FiiE Ak )7 5O HLB AT Cu®* . Mo ISR
b, (BN Fe¥ HAT BN LT 4 R A,
3 MiEEEFEdR RHRTEESTRESSRLE
B m GIAMET 93.71%). HT TR
AREEERITT UL 428 B TR A TR R E & AP,

HINJG, 3 Fhé @ EE s R ENE (P )14
HRM R TR G, MR R & B IR R R, (HEA
FVEtL T 2 BRI ERARE . Ft, &84 8t
AT HLB M B3E AN~

Pohl "Bl EL, FEE S BRI KA (pH
3.00~5.00) 1: 20%~85% Fe* 4 Amberlite XAD-7HP
FEARE, 10%~35% Cu® Fll 9%~13% Mn> 4% Amberlite
XAD-16 #4584 . HEL Amberlite XAD 41 [l A2 HL
M, FEARSEIGZMT (pH=2.88), Polyclean X-HLB
X FIA SR B R TR A B = AR
R, BRRIE T EET SR KA S A I HER
P

2.2 SPEAEMIEX £ /& & T 1t 5 6y B v

FEMZ L 1. 20 3 mL/min FiEIET Polyclean
X-HLB #8%, Superclean SCX #, 53R U5 3 fior. &
48 BT IIFERZ HLB K5, MU Fe® 724k
TEER (FERER N, R P TE 2 ik
M 93.71%% % 79.43%); 1 mL/min A1 2 mL/min Ab#
Z AR AREE, X5 CEtikER g R,
FTRRING, WD Pt B FREK, B
—&BE T ARREL B EFIFARE K. 5
WS KIEHAREE, R AR S, FrbUES: 1
mL/min 1£ 5 HLB () &AL .

[FIFE, R 3 v A0, A& &8 B IR Z SCX
HfE, 3 P& e Ll b, wdER 2
mL/min (RGBT IR TR T 5 Fe* ik
ELEY), ARew SCX MR, Frilmid 2R &

(>75.77%) . 25 FEEIZLHU ALK AT fe 221 B8 T
AL R, 3%64% 2 mL/min 7E N SCX FEHI & AETE,
X5 B SCERIRAE 9 1 mL/min B84 AP35,
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R i /(mL/min) Polyclean X-HLB Superclean SCX
F e3+ Cu2+ M n2+ F e}+ Cu2+ M n2+
1 93.71£1.29"  94.04+1.68" 93.77+1.67* 9.50+0.01* 1.65+0.01° 3.24+1.84°
CEkET 2 88.43+2.93" 93.80+£1.73" 89.51+0.91° 421£1.76° nd nd
3 79.43+0.77°  95.04+£0.38%  92.10+1.72° 3.34+0.16°  1046+1.12°  1.53+0.01°
1 3.7240.13"  82.13+4.84 83.21+6.14° 75.77£3.96*  2.96+0.14° 1.57+0.81
TR EBT 2 3.62+£1.66"  77.74+0.13"  83.36+0.98" 79.38+3.02*  5.10+3.85° nd
3 4.13£2.62"  80.60+5.89"  80.48+1.55" 82.02+3.79*  8.04+0.64" nd
Z: nd ATAREME], TR,
7R 4 FERGTIRT SPE ABREIRTF EREFENER (%) BIFNT
Table 4 Effects of eluting agents on the recoveryof metal ions in liquid effluents from SPE columns
Al Aol Polyclean X-HLB Superclean SCX
Fe** Cu** Mn?* Fe** Cu** Mn?*
1 103.04+1.77"  137.30+£30.67" 371.31+165.76" 107.74+£22.86"  95.30+0.04*  102.71+3.46°
Hm 2 98.27+1.79* 106.17£3.85*  352.31+£28.98" 105.30£0.27*  88.50+1.09°  99.85+11.38°
3 100.00+£2.65%  128.14+£39.97*  274.01+8.83% 91.42+17.85*  88.07+3.14°  97.37+3.05°
1 233.94+48.12°  119.36+28.50°  109.83+29.94% 96.48+5.12° 90.17£0.23*  92.11+2.49°
FHER 2 72.93+8.44° 134.57+40.35% 67.29+7.90° 99.29+3.52%  98.34+10.62"  98.98+2.55°
3 48.86+3.46 168.22+8.52% 98.69+13.32" 97.81+0.48" 100.03+0.71*  105.41+0.78"
5 77 Zn"F1 AT SPE MR LR P BB BRI RN
Table 5 Effects of Zn?* and Al**on the throughput rates of metal ions in liquid effluents from SPE columns
FA Zn®. AP Fe**/(ug/L) RS Cu®'/(ugl) it E/ Mn®"/(ug/L) WILR/Y
HLB AHa 1,768.12+1.41*  90.05+0.07* 448.30+3.68"  89.45+0.73" 1,848.57+34.61*  93.18+1.74°
T Hm 1,802.55+24.90*  93.71£1.29° 467.80+8.34"  94.04+1.68" 1,809.14+32.19*  93.77+1.67°
Vil 42.07+3.13% 2.14£0.16° 19.40+10.18 3.87+2.03 nd nd
X T Hm 85.13+35.60° 4.21+£1.76* nd nd nd nd

2.3 SPEAEMMRA X &8 & T E kX P

PL 1y 24 3 mol/L HhFREIAH R I M e i,
3 AN E i 232 11 Polyclean X-HLB £ 1 Superclean
SCX FE#EATBEMNL, BRI R LA (el 4
JE ST A R S YRR AT SPE K IR 4R B A R
FAE D R o 5 R 7R (3R 4), X T Polyclean X-HLB
F, BRT RN Fed TR R (E%>98.27%)
L NER AN, FARALER (BB S A EE A . Pohl
LA AR MAEA SR T R B T [RRE (0 e,

24 FEINRAL AR E TR E NN

AR, K\ Na's Ca®'s Mg™ fl Fe™", Cu",
Min® " (7] s 388 o ] A A B IR S 2 % 40 T8 4 SR 77 A
it g R G B RS KSR 1 mg/L
Zn* 105 mg/L AP, 7E_ERMRARREIUAE TR, KKk
@1t Polyclean X-HLB F1 SupercleanSCX 1. Wl 45
PR (R 5), A7 2o H AP ARG 3 4
J& BT o B A R R

DLEESCR 22 00 T Bk A 2 B U1, R A 25 WEWEF Fe. Cu. Mn 2 BRI EHF

AR A ERIR R I S RS T RS 251 AREWKRMHAHK

. Pl Fe. Cu. Mn % HIMERE (ug/L) ik
% T- Superclean SCX £, RFVKEEIMIEIREANIR A%« WG EE P Ah b, 13 B &k 45 ki 2k A

VG 3 MeEE T IRECRE S N, Hf 2
mol/L MR K I H B IV ge J1AnRa e i,  [AlUscR
A 98.34%~99.29% (F 4),
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y=0.0031x+0.0014, ¥ REL R* 4 0.9997; Hibrit
254 y=0.0056x+0.0391, R° 4 0.9919; fhbritEriZE N
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TEFT BT IR BEVE Y 218 R R AT
252 REVEL

T 3 52 IR ARARHEZE o B LA bt 2R
IR S AT 411, Fes CusMn [ LOD {454 1.56 pg/L-
0.55 pg/L F10.39 pg/L, LOQ {E 43414 5.21 ug/L. 1.83
ng/L A1 1.30 pg/L. BeHH AR R BUE &
253 BHEAMEE

DR ESCSESG 1 4E R (R 6, IR %18 A HL
@4 d Fe. Cu. Mn f9 0045 B Wi 43 5 2

92.49%~106.37% -~ 96.68%~112.18%  94.03%~
107.67%; LA % R H A&7 Feo Cu. Mn 0
FRIEIACER S A 92.04%~110.39%. 90.53%~109.65%-
101.94%~110.16%. R FIEMHERTE R LT

XF SR GRS S R o h &R A E E A IE 6 IR
SRR, Fe WHHXIPRHEMZ (%RSD) ¥ 1.59%~
6.55%, Cu HIMXIFRIEMZN 3.55%~7.12%, Mn K]
FHXTFRERZE N 0.89%~6.33%, i B 5 V2 IRE 25 i R
if.

* 6 BEEBEMAEEEREES . FERRENRMFRRE THIELER (%)
Table 6 The recoveries (%) of white, red wine, their effluents and eluates in samples with two spiked levels

SE A & # &5 L) &)
B KK SE Bk KR BIRE
i}DJF‘T‘ F e3+ Cu2+ Mn2+ F e3+ Cu2+ Mn2+ F e3+ Cu2+ Mn2+ F e3+ Cu2+ Mn2+
JRIE 97.88  100.15 103.07 9453  96.68 106.05 9588  90.53  103.85 96.04  99.67 10829
1851 103.84  99.75 94.03 9249 9953  107.67 11039 109.65 110.16 9526  102.67 108.30
1852 10637 10290 106.08 9551 108.69 102.61 10630  98.08 10833 99.65 10098 106.21
A& 1 10395 11218 9827 100.65 10097 9833 9204 109.63 10194 108.14  98.77  106.09
3R 7 pH 3 SPE R P & B & FEMIZRAIR
Table 7 Effects of pH on the throughput rates of metal ions in liquid effluents from SPE columns
FEH  pH  Fe*'(2000 pg/L) EDNESDA Cu*' (500 ug/lL)  EIE/% Mn*' (2000 pg/L)  EIKE/%
3.00 60.90+27.86 3.05+1.39* 344.35+2.47° 68.87+0.50% 1,794.09+16.42° 91.13+2.83%
HLB 3.50 120.94+25.12% 6.05+1.26" 262.30+8.20° 52.46+1.64° 1,793.83+5.08* 91.10+1.74%
4.00 51.04+27.38° 2.55+1.37* 206.95+11.53¢ 41.39+£2.31°¢ 1,777.78+59.43% 90.26+1.04*
3.00 1,162.36+115.32"  58.12+5.76" 96.05+11.24* 19.21+2.25% 87.63+0.80° 4.45+0.14°
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Fig.1 Effects of organic acids on fraction distribution of ferric,
cupric and Mn (11) ions in alcoholic solutions with different pH
values

JE: 1: 18 mmol/L /B % BA(tartaric acid, TA); 2: 18 mmol/L
3 R B (maolic acid, MA); 3: 18 mmol/L #74%B&(citric acid, TA);
4: 18 mmol/L L& (latic acid, LA); 5: 18 mmol/L TA+18 mM MA;
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6: 18 mmol/L TA+18 mmol/L MA+3 mmol/L CA; 7: 18 mmol/L
TA+18 mmol/L MA; 8: 18 mmol/L TA+18 mmol/L LA+3 mmol/L
CA; 9: 18 mmol/L TA+18 mmol/L MA+3 mmol/L CA+4 mmol/L
SA+8 mmol/L HAc; 10: 18 mmol/L TA+18 mmol/L LA+3 mmol/L
CA+4 mmol/L SA+8 mmol/L HAc. SA 4R&I% 34 B4 (succinic
acid), HA X T8 (acetic acid).
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