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i E: (X1 KT ELETERZ—ANTROIAEEA, PELAFAREE, AR KEDRR
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x40 EF R VAL F R ) 77 XAAT; F AR FRAEA AR L 4F4E Langmuir 425, 319 YFI
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Characteristics and mechanisms of cadmium adsorption by
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Abstract: [Background] Heavy metal pollution in water is a serious environmental problem
posing a severe threat to human health. Using microbial adsorbents to remediate heavy
metal-contaminated water is an efficient and eco-friendly method. Sphingopyxis is capable of
removing heavy metal pollution, while little is known about the mechanism of the removal of
cadmium from water by Sphingopyxis. [Objective] To reveal the cadmium adsorption efficacy
and mechanisms of Sphingopyxis sp. YF1 isolated from water. [Methods] The adsorption of
Cd*" by live and dead cells of strain YF1 under different pH, contact time, and initial
concentrations of Cd*" were analyzed. Kinetic and isothermal models were fitted to investigate
the cadmium adsorption characteristics of this strain. Scanning electron microscopy and energy
dispersive X-ray spectroscopy (SEM-EDS) were employed to observe the accumulation of
cadmium on the surface of live and dead cells. Fourier transform infrared spectroscopy (FTIR)
and X-ray photoelectron spectroscopy (XPS) were employed to identify the functional groups
involved in the adsorption of Cd** by YF1 cells, so as to elucidate the adsorption mechanism.
[Results] With the rise in pH, cadmium adsorption of both live and dead cells increased within
the range of pH 3.0-5.0 and did not change greatly within the range of pH 5.0-7.0. The
adsorption mainly occurred in the first 10 min, and then the adsorption rate gradually decreased.
The process of Cd*" adsorption by live and dead cells was more in line with the
pseudo-second-order kinetic model, which suggested YF1 mainly adopted chemisorption. The
adsorption of Cd*" by both live and dead cells was better fitted by the Langmuir model,
indicating the adsorption of Cd*" by YF1 was homogeneous. The maximal adsorption capacity
of Cd*" by live and dead cells reached 36.20 mg/g and 62.98 mg/g, respectively. Cd(I) was
deposited on the surface of both live and dead cells after adsorption, and —OH, C—(O,N), and
—NO,; groups were involved in the adsorption. [Conclusion] Sphingopyxis sp. YF1 has high
Cd*" removal ability and is promising in the removal of Cd*" from water.

Keywords: Sphingopyxis sp. YF1; cadmium; biosorption; adsorption characteristics; adsorption
mechanism
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S A A7 A EE R R O g L AR 1
2. g WIRFERGEEA RN, S NIERMAEE
1 ™ T B, B R R e R b A R
SREURIE AN R, AT 5] B BT S A E A
SR AR, HE R SR ISR AmAED
R, #3754t B g Bk oe v Homk f5 g D i 28
Bz —,

HEr s Jab  ny riiil 2, Wi E 4R
EBR AT AR R, i . ik
SRR, AT AR AR
oy Bk . ARk L A DIE RS L A R
RN B A5 & Y b B 7 VBB A T N Y
Pk s, REBS 1Py Ak 2 7 A B A 45
B S TG YY), AR S, A R
BHA R . A5 s BEE I, A R
e HERY, BHRIFE R, 2y A
KLU IR O RE /7, 40 Huang 251V B M2 1Y
Bacillus subtilis %} 20 mg/L 43  £ B3k 0] LIk
3] 82%, Li %1% B Pseudomonas stutzeri X5
W PEER(0.05 mg/L) T BHRCR L 86.8%.

Sphingopyxis f&— &5 = [ AT A, &
YR REE R R Z R HLTS e, LBk
WG T5 ge 45 i B A R Y A S,
Chen 2" % ¥} Sphingopyxis sp. Cy-10 75 2 5 %
K i A B 5L EOKAG9E ), Sphingopyxis
sp. USTB-05 REMS [ i /K B 455 iy e 2 R 4170,
Verma Z£U"SHE KT Sphingopyxis spp.fiE i F4 i
A0S A ) S ARG 15 e W s 77 o
Sphingopyxis 1 7] LI F 5 4 J& ) 2Bk, 4N Liang
4192019 3 Sphingopyxis il Arthrobacter sp.
QXT-31 {RA ;IR AT LI L Mn(1D). {H H Al
Sphingopyxis FH 5 4 J& W Bt i i 5 AR 2, H
W2 SFFATL B 0 AN BT 4

ABFFE LMK A 73 B2 Sphingopyxis
sp. YF1 NXF 4, K55 YF1 TR0 i U B ARk

A L B N RE % (scanning electron microscopy
and energy dispersive X-ray spectroscopy, SEM-EDS)
R B AR 48 21 N1 (Fourier transform infrared
spectroscopy, FTIR)AI X 8F£& i ¥ HE 1% (X-ray
photoelectron spectroscopy, XPS)H B YF1 & X
W ALER, DU A A A BRI 4R
15 g B 7 FH AR AL BRI AR A

1A

1.1 #8
1.1.1 =

A5 Sphingopyxis sp. YF1 B MK 4 th
A AL R, T e R R K e
e R,

1.1.2 EFEMEERT. X

NB #5770, E AR50 R A F
Afesm . AR . BR. MR, R
KEEE, gL kAR BR A . R
WA O EE T, A6 Al A AR PR 54T
oAl PR B, Tescan A w]; (HEM
LT ARG T X SR O L T RERE Y,
Thermo Scientific 2y A) o
1.2 EEER

¥ YF1 R #: A NB }i 574,30 °C . 180 r/min
iR, BUG T AR XU W (ODgoo=1.0)1) YF1
BT 8 000xg B5.0> 2 min, ALK BER 2 X,
B IR WA, —H E VR YFIL 1
HEHRFRANERSTR; 5 —HAKEKT
121 °CKE 15 min J5H & #5250 W &7
Wo 43I 2 mL B TFIRCE T 80 °CHY TR 48 N
BT 4 h, BERERNTE, FRBFRBRA
T 4°CH.

1.3 DRBiEE

BUK B T4 J5 1 50 mL #ETRH, RUinA

TCEK . BCHGF R AR bR HEV VR . R, (R
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R ZARZ N 20 mL, RIS IR 2 S FPATHRE,
T30 °C., 180 r/min F5FRAAMEE o BEE TG XS A
4, BRAIMEZAN, HAb A 55—
TR Bt A A TR B A BURE 2 mL, 13 000xg B0
2 min B FVEW 1 mL, FEF 68T
D SR B, T WO o 5 AR A A O o
%W%Rmrgégnm;

0 e e S

s Co Ay ML BFF T AR 4% 15— 19 i 4 ¥ 2 (mg/L) 5
C W B 35 B -5 J A 40 25 - (mg/L); m 2
BAME R i (g); VIR RIEFI(L); g NH
3755 5 241 TR 114 R o 4 (mg/g)

1.3.1 pH X} YF1 W HMH$RH0E 00

R4 S AR R B UK E o 40 mg/L, i
A pH TR R pH{E4 514 3.0, 4.0, 5.0,
6.0 F1 7.0, BAFH 20 mL, ik %)W B 45 Jm B
BRI B FRE . HAbiRie 5 Rk
BRI 45 A ]

1.3.2  EmBTEXT YF1 SR A0 220

TREEROVAR R A B T 40 mg/L,
pH {H 6.0, FLi& & 20 A FATHE, 2 BITEREE 0.
10. 20. 30. 45. 60. 120. 240, 360 F1 720 min
JEEBOL A AT, B 2 mL VR T
13 000xg 20> 2 min, WHL 1 mL b3 R+
WAL 43 ' BE T I v B, A A ERORE
— WK, XTI AR AT 8 ) R

WE— R 12 g=q,(1-exp™ ) ;

WE B J12E R . g=kotq? / (1+K,tg,)
Ahe g KB A BRI TR B R (mg/g); g
At 2 B W R R (mg/g) s Ko oA T — R
R B (min ") 5 ko A G W B R R
$([g/(mg-min)]*,

1.3.3 AREFEBEFRES YF1 RS20

RIF R BA R pH 6.0, HNAE 408 K

iR R i B R BE 430 20, 35, 50, 75,
85 1 100 mg/L, AT 20 mL, ik 2| W fffF
5 5 BORE DN S8 b0 AR B vk B L A 0
AR e ) m W S S i P S Y i
LR /RE

Langmuir #%: q=q_, k,C, /(1+k,C,);

Freundlich #7%4 . g.=k,C{""
2+ C o W B 7 B P CdP YR I (mg/L) 5
Ol 9 VB B P~ F5F R P 3 (m@/2) s O B0
JZ 40 0B B (mg/g) s ke R AE G R
Langmuir % %#0; ke AWK REG n
Freundlich 7 %%,
1.4 FAHEEBREMEEE(SEM-EDS) 773 17

W W B AR TS A0 YFL IS R /ZEE A 2.5%
I R E W E TS L 3 Bl 30% . 50% . 70%
90%F1 100% BEREA THA BE K , K oK 5 R
AV R TR, TR B U (SEM) 5 g
T (EDS) 43 B AS0OU 5 W B 45 1T i Az 40 W A 7500 )
FIRFFAE"
1.5 BEEMTHRIINLEFTIR)SH

A T e R W A N Y ER Y R
ZEE, BTN T TR T 5 R
1:100 19 LLIAELLAMT T WFES IR ST, BGE A R
AT R, R BUR JE B B AR e g Ah ok
TR 5 1, TR 400-4 000 cm '
1.6 X H&XEBTFEEIEXPS)T T

W5 W2 BRI S R T TR/ AT TR OB S A o T R
FEE, FEHMEE RS A X SOt T hE
TEACKTIN . RO RR . HERE, hEAS, #A,
WOLE . WAL SIENEEERAN
5x107° mbar; X SH£ii . B4k AlKa J5(Mono
AlKa); A 1486.6eV; HLJE: 15kV; .
15 mA; Strds it CAE. KillooR4S
SREMERAS, WESRS YF1 HRRES AR a kA
HR L T RETE 0 AR 1L
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2.1 pH Xt YF1 & %M 5e A9 200

ANIE pH Z51F T YF1 36 B FIFE 1R A4 W B
ERANK 1 frs, 18 pH 3.0 B T FIAE TR A 1
M E K, 43910 18.06 mg/g il 23.72 mg/g,
£ pH 3.0-5.0 i, B pH {ELAY TH = 0% B 5 AL T8
) W2 S T, pHL 5.0 Fs 335 B RN B8 BT 1% W%
k%] 35.84 mg/g Fll 40.28 mg/g, 7E pH
5.0-7.0 N, B pH ARG NG 5 MFE 5 0
M e AR, X ATRE S IR R 4SS
7 i 3R B A K
2.2 EMBETEX YF1 B WM R R 5200

ANTRIIHE] YF1 355 7 A58 T W 4 1) v — 2%
FIUE — R ) )1 45 R Bon (Kl 2), 7E 10 min 4,
W I 328 R AT AR PR, 6K s WO R 3 a1 5 R P
— RRNE Z B 1B YF TR R B4R Y
BHTEEE 2, & D, RS 1= hIEE
W BfH4 Y R A 0.953 , SE T WK B4R 1 R 8 0.951 5
WK ah Ji2eh, TR R 0.989,
FEE IR R R 0.981; JCiB N ik A
B, BRI ) R K T U — AR
() RO, e 23 1 T A1) 736 R RIAE 1 111
% it 4351 17.03 mg/g Fl 22.89 mg/g, 5
HE— B J12F T 15.96 mg/g Fil 21.83 mg/g
A G B e T SE PR A R B 5, 2958 18 mg/g
1 24 mg/g. DRI I TR FNAE B o 56 A W BT B4
i T WAy IV

x1 YF1 FREMEERMHNDELTEUNESH
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Figure 1 Adsorption of cadmium by YF1 live and
dead cells at different pH.
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Figure 2  Pseudo-first and pseudo-second order
kinetics of cadmium adsorption by YF1 live and
dead cells at different time points.

Table 1 Parameters fitted to the kinetic equations for adsorption by YF1 live and dead cells

b WE— 2 8h J1 24414 Pseudo-first order fit W — 2 8 J124 44 Pseudo-second order fit
Sample o (mge) Kk (min) R o(mgl) ko (mgmim) R
15T Live cells 15.96 0.069 0.953 17.03 0.007 0.989
ST Dead cells 21.83 0.171 0.951 22.89 0.014 0.981
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23 WEBEFREX YF1 =R 200

i 3 #1552 2 7, R A Langmuir 1 Freundlich
S IRAR YL G AN [R5 125 - VR FE T Y1 T WA T 4
AR o 1 B W B4R B9 Langmuir #2751 Freundlich
R R 305100 0.960 5 0.881, Langmuir £57%)
R {H. = T Freundlich B ; 58 1 W% fiH4# 19 Langmuir
BRI Freundlich AL R 43510k 0985 &5
0.929, Langmuir #% %! R*{& & T Freundlich £ %Y,
AT UL YF1 {5 P B0 TR 00 B0 U558 LB A &
Langmuir #8245 Langmuir 118 1 YF1 i%
R I SE TR R 8 1) e R I B 2 401 4 36.20 mg/g
1 62.98 mg/g, HHAMPERALL, YF1 BRI
B CA™ IR 2% R (5 3), R bR —Ff
Ry Ve S A R R R

= Dead cells

Live cells

Dead cells/Freundlich fit
- - - Dead cells/Langmuir fit
—— Live cells/Freundlich fit
- = - Live cells/Langmuir fit

201 ®

Cd* adsorbed (mg/g)
Lo
o

0 20 40 60 80
Equilibrium concentration (mg/L)

100

3 FARWEFVIRAKET YF1 ERMEER
Mi$m A9 Langmuir #2380 Freundlich 13!

Figure 3 Langmuir and Freundlich fits for
cadmium adsorption by YF1 live and dead cells at
different initial concentrations of cadmium ions.

#z 2 YF1;EEMIE Langmuir #2250 Freundlich AR & KIS H
Table 2 Parameters fitted to Langmuir and Freundlich models for YF1 live and dead cells

i Langmuir 14 Langmuir fit Freundlich #15 Freundlich fit

Sample Gnox (mgf)) ki (Limg) R ke (L/2) n R
15T Live cells 36.20 1.35 0.960 19.44 6.10 0.881
ST Dead cells 62.98 0.51 0.985 30.51 5.58 0.929
*£3 TEEH CAHRHMES

Table 3 Cd*" adsorption capacity of different strains

25 [Lk/S R o 7 o Z:7% 3CHk
Category Strain Adsorption capacity (mg/g) References
41T Bacterium  Paenibacillus sp. LYX-1 30.68 [24]

Y014 Bacterium  Bacillus cereus RC-1 31.95 [25]

£ Mucor Mucoromycote sp. XLC 79.65 [26]

40T Bacterium  Sphingopyxis sp. YF1 62.98 This study
41 Bacterium  Escherichia coli 37.77 [11]

B2 Yeast Saccharomyces cerevisiae 22.44 [11]

40 & Bacterium  Enterobacter sp. J1 46.20 [27]

I Alga Parachlorella sp. 86.08 [28]
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2.4 FIEEB R REIL (SEM-EDS) 2

YF1 I G FBE TR W B0 4 T A 40 48 P
BRANIEL 4 BT, A< W BB e 0 0 35 Th0 A0
(F 4A), i EEEABEIEEAESEET
Ak, FWEARIAAE . M ASE(E 4B); KK
FhF 501 ) A6 T 25 T ALK (] 4C), SETRITE R B T
HERETE, BAKRWHBZ(E 4D); 8@
1t EDS AT RAK B, 7E3G B Ccd* T, 41
T ATEAESR (K 4A), WM CI R B T4
T, 2R B4R B ff S Bl W B A B A 2 T
(F 4B); JE T Wt Cd* )5 to B T 4 B T i
[Fl Bt IR B T 5 T P At A LR TR T e
(Kl 4C. 4D).

Wt (%) |

83.64

Wt (%) |
c 85.00
14.83

2.5 BEMOINIESH

J TR E YFL 3G 0 RIBETE 2 5 W Cd®' (Y
BREMA], RH FTIR ¥E47T T RAE . 16 B A AL
W [ 15 5 21 A1 't 1 K By BE JE FAT X 10 ) 1 43 5]
UL L5 o 17 TR B AR T I B 2100 i v LT SA
W BAFRT 3 290.98 em ! A4 U4 AT BE 2 i —OH #1475 ¥
SR (K 4), WG MEE 3 294.52 cm!
Ab; WERET 2 950.68 cm ' BT RS —CH,
PR W R RS 2 2 945.92 em s W
AT 1 655.62 om™' FIEAR R ER (1 5T FN 2 AR 1 Tk
1 3EEAPY ) W RS2 8 2 1 652.09 cm™' 5 W [} Al
1533.10 e UG F- B B C-NH 5 [P, g
B OIRS 2 153173 cm ™' WRBRAT 1 387.54 cm ™' )

Element
G

0O
Cd

Wt (%)
73.01
18.97
1.05

Element | Wt (%) |
C 84.84
(0] 14.28
Cd 0.86

4 YF1 ;EEFMEEWRMEIER SEM-EDS A I R, B 36 W R . C: FERW AT, D

BETR W B

Figure 4 SEM-EDS images before and after cadmium adsorption by YF1 live and dead cells. A: Before
adsorption by live cells. B: After adsorption by live cells. C: Before adsorption by dead cells. D: After

adsorption by dead cells.
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/] L THI.T7L

329452

|‘I\i L L20.1 7

| B

| 1531.73
1 652.09-)

ittance (°

| 1 voU.vL

~ &viiay ‘I l‘l\"u‘l 1'390_60
3 300,39 |/

\]
I/1533.28
1 A52 R~

[ttance (°

4000 3500 3000 2500 2000 1500 1000 3500
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5 YF1 AE(A)FISEE (B)RMEIE LSSk
Figure 5

F 4 YF1EERM CA> B IE ST MBS BE

4000 3500 3000 2500 2000 1500 1000 3500
Wave number (cm™)

Infrared spectra before and after adsorption by YF1 live (A) and dead cells (B).

Table 4 Functional groups corresponding to the wave peaks before and after the adsorption of Cd** by the

YF1 live cells

R =T EEYR SHCH
Wave number (cm™')  Chemical bonds Main substances References
3290.98 -OH B Sugars [29]
2950.68 —-CH, L KBk Alkyl chains [30]

1 655.62 N-C=0 Bl 14 Amide I band [31]
1533.10 C-NH B 114 Amide II band [32]
1387.54 —COOH RIR . RIREL Carboxylic acids, carboxylates [33]
1237.55 P=0 str (asym) of PO,~ %12 Nucleic acid [34]
1072.44 P=0 str (sym) of PO, R Nucleic acid [35]

¢ L E-COOH™, WSR2 % 1385.14 cm ™'
WG BFFRT 1237.55 em™! AIEAC R F IR T PO, Y
A BRI SN, W A2 2 123517 em ™' 4k
W BFFRI 1 .072.44 cm ™ BIEAC £ iR PO, Y
SERRIR BN, R A 1 071.82 ecm ™. M
5B AE TR W B4R TS RS ALTT LA Y BE T T
BRI A SR W S S AR R AN R, AR bR R
JE—OH (M 3 297.48 cm™" # 3 300.39 cm ™).
2.6 XPS &R

K T AT S YFL 3R R C. N, O
LR I (K 6A—6F), 15 WA C 1 s 1§

TEELA JE 12 3 A0 (E 6A), XL g 455
B> 285.23 . 286.73 £l 288.07 eV, FFf\
F W44y C-(0,N), C=0/0-C-0,
—COOHP, Wy B i Xt 1 W i) 25 45 BE 50 531 1y
285.54, 286.47 F1 289.07 eV (I&l 6B), ¥ 17 " Fft
HI N 1 s EEEIIEESE] 1 DA 6C), Xf
M ISE A el 401.35 eV, FFRERBA N
—NH;", WG N 1 s gk E LA 53] 2 4k
(Kl 6D), Z5GRE BN 401.79, 407.25eV, fif
FRFA A4 ) —NHS " -NO,PY, 176 1k it
Al O 1 s WS EIHLG E158) 2 (8] 6E), Xt
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A C 1 s before adsorption B C 1 s after adsorption
C—(O,N)
2| C=0/0-C-0 3
@) @]
294 2‘I)2 2“90 2é8 2é6 2{34 2é2 2é0 294 292 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)
C N 1 s before adsorption D N 1 s after adsorption
Z £
= =
< =]
@) o
408 406 404 402 400 398 396 414 412 410 408 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)
E O 1 s before adsorption F O 1 s after adsorption
K & ~COOH
g £
& =]
Q @]
540 538 536 534 532 530 528 526 540 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

G Cd 3 d after adsorption

Counts (s)

420418416 414412 410 408 406 404 402
Binding energy (eV)

6 YF1;EEWMBIEEETE XPS IFIEE

Figure 6 XPS peak spectra of major elements before and after adsorption by YF1 live cells.
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Figure 7 XPS peak spectra of major elements before and after cadmium adsorption by YF1 dead cells.
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