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In situ reduction of refined attapulgite for advanced
oxidative degradation of sulfadiazine
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Abstract: Low-grade iron-containing attpulgite (APT) from Baiyin, Gansu was treated by dry and wet
integrated dissociation technique to produce modified and refined attapulgite (SAPT), which was further
reduced by hydrogen through a high-temperature in-situ reduction method to synthesize in-situ reduced
attapulgite (HAPT). HAPT was characterized by XRF, XRD, FTIR, SEM and TEM, and analyzed for its
degradation performance on sulfadiazine (SDZ), one kind of antibiotics, in the presence of potassium
persulfate (PDS). The effects of HAPT dosage, PDS concentration, SDZ initial mass concentration, initial
pH and reaction temperature on the degradation rate of SDZ were further investigated. The results
demonstrated that under the conditions of HAPT dosage 2.0 g/L (based on the volume of the initial solution
of SDZ, the same below), PDS concentration 3.6 mmol/L, initial pH 3, and reaction temperature 30 °C, the
degradation rate of SDZ with an initial mass concentration of 10 mg/L by HAPT/PDS system reached
96.8% within 240 min. Electron paramagnetic resonance and active species capture experiments showed
that the main active species in the HAPT/PDS system were sulfate radicals and hydroxyl radicals, with
sulfate radicals playing a dominant role.
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W, AT A AR B SDZ A R A A 1 )

AT Z (AOP) J&ilad i i Mk A st
eI YL Y, —FA S B BR P RS,
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Wk-N-E 1k ( DMPO ), 43#ral, Bfhi T35 ( &
W) AABRATE; AEH (NaOH ), IR (i
IET 98% ). FRMVEW (HA, 0% 50% ), FEZy
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1.2 HAPT B#l&
1.2.1 BHAFH IS4 L (SAPT) &4 &

¥ 4.5 g NRBERENA T 1.5 L KB TR, L
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W, BEREAEL 30 min, HIASMIMNERG IR . ARG AiE
R B AR UGRS3 R, MU 1h,
FrE 2 h JFiFIT A HE L. RO HE R
2800 r/min, BFA] 30 min; &5 —E.OHEH R 3800
r/min, BE] 5 min, A ELOERIAEMZ 70 CT 4
24 h, Frff9%E] 200 HY SAPT,
1.2.2 JRAZERAEH W B4R E (HAPT) #94]&

¥ SAPT B TP, 78 H, WEF, Ty
H, #ii# A 120 mL/min, LA 5 °C/min ) FHiR#H R T
JRZ 700 °CJFfHIE 2 h, EIfS HAPT,
1.3 E{LBEfESLIE

Bol Ry BE N 1, 3, 5. 7. 10, 15 mg/L SDZ
YW, ] HPLC M 5E 260 nm P KR 4814 7 B9 FR 23 T
FU(S), BRBYUYHEAYS SDZ Bk (p) Friftl
LRITREN §=49.4693p-9.9402, R*=0.9996,

TE 100 mL #EEM P M A 20 mL J5t & Wk B
20 mg/L #Y SDZ ¥, F 0.1 mol/L 7 & & 35 1 T )
B pH=3, SRJ5 [ H i A—E it iy PDS, filfi Hfk &
4 3.6 mmol/L ( Lk SDZ %W AAFIT, T ), HAPT
NN 2.0 g/L (VL SDZ WA, FIE ),
BAETEIRE THER LINE 30 CIFE s, 4
WAESE 0, 2. 5. 10, 15, 20, 30, 45, 60, 120,
240 min 82 0.5 mL 28 0.22 pm 512053 98 251 U8 im0
W, FESr BN 0.5 mL FEEYE K, i HPLC i 5E
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AlEfAZ (HAPT. PDS. APT/PDS. SAPT/PDS.
HAPT/PDS ) XJ[&fi# SDZ B0 ; [& 5E Hifth A
A%, %% HAPT y#hns (0.5, 1.0, 2.0, 5.0¢g/L)
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F10.1 mol/L BiFREE 0.1 mol/L NaOH Ik i IR W)t
pH, ZEHWMH pH (3. 5. 7. 9) XTI ; [H
B HAM A, BEEANE RN R (20, 30, 40,
50 °C) NP IS o [ HA S AN AR, B ER
1 mmol/L ¥/ (LA SDZ W RELT, T ) Xtk
fift SDZ Wysgmi, WAL ELR 3K,

1.4 REFZESMHERENK

% HPLC I 5E 338 SDZ vk B, ik
ZAFHR . C18 A EAE (100 mmx4.6 mmx5 um ),
TENARA 0.1%H FRIK T WA CIECIRFREE 80 = 20 ),
W 0.8 mL/min, 2AMGIIEK 260 nm, M
10 pL, #Hif 30 °C,

SDZ R it 7= 9 R PR B B ASGHEA T I 52 & 55
S AR 3% 3k &5 1/ . Waters BEH C18 #F

(2.1 mmx100 mmx1.7 um ), i 0.3 mL/min,
FEtE S uL, Jishtf A (H BT 4040 0.1%0 B iR /K %
WECHI B 10 mmol/L ZBREZ /KR ) M shAll B

(N5 ) MERFRELEE 20 min PIM 80 @ 20 Ze Pk /)
%20 : 80, Wik AR B TR ESIT, B4
LR 4000 V, $5<HEE 350 °C, $§< i & 12 L/min,
—ZE I 50~500 m/Z,

XRD M3k : 4% Cu, L 40 V, A HLUE 30 mA,
HHFEH 3°~70° XRF M3 B AE 5 K 2 200~400
H, /1 10~30 kN, FTIR Mli&: RS T
X SAPT Ml HATP #£ 54T FTIR Pk, I 453
4000~400 cm ', SEM I . B2 TEK 2 BEME 7 4y
UG TRER I, RIS ML,

HEALFIXT SDZ (R ff R =C (1) THE AR 3],
SDZ [t B R N (2) W —2sh i Rl A

DI% = (1-p,/pg)*x100 (1)
In(p,/po) = —kt (2)
K. D NEEMHER, %; pol SDZ WM TR E ,
mg/L; p, N ¢t B Z) SDZ W, mg/L; k AR
PR EE, min's ¢ A RNAFE], min,
15 RAZHLIEHEN

EPR A : AL BTk R 2.0 g/L, i — i
FRAR VR E R 3.6 mmol/L, FE S BYAS[RIA 8] 45, Jin
A 100 mmol/L DMPO 1E R i 4871 o & F B i 2

PV TEACR I DMPO FE M H i EE A m &4, -
W S5z I A 2R o BT A 1 SRS
SCNETE M AR SE 5 . ¥EFE MeOH A1 TBA
A3 lfE R AR [t BRI IE A i BRI . A
HAPT/PDS K&, PREFHA SN S5 AL, HE
AR S (50, 1000 mmol/L ) X J52 7 A 5

2 #HR5WR

2.1 HEHRAE
2.1.1 XRF 4#F
22 1% APT.SAPT il HAPT [ XRF 52 45 5

1 MR
Chemical composition of samples
T8 534 %
Si0, MgO  ALO; Fe,0; CaO  Hfth
APT 48.74 5.64 14.69 16.63 4.47 9.83
SAPT 52.08 7.26 13.53 14.38 0.84 11.91
HAPT 53.61 7.75 13.62 14.42 0.87 9.73

Table 1

e HALEE R K0, P,0s #il Na,O.

M2 1AL AL () APT FESA Si0, MgO .
AlL,O3., Fe,O; fll CaO, H:H, Fe,05 Jiii /-4 ik
16.63%; ZeiMErEhl . )75, SAPT Fl HAPT
Fe,O; iU /3 K415 00 510 14.38%A1 14.42%, Ui Fe
TUER TE UG T ALA I R rh A G IR A R,
2Ok A TMMNEAAS AR Y. Kk, 7EA
BSNGIA Fe JRAIENL T, FIRHGELLE S Fe M 4%
A 38 A 7 3 i i A U A A AR AT A TR o
2.1.2 XRD 4 #

¥ 1% APT. SAPT il HAPT () XRD %4,

R W S~ AT
WMM
‘ APT

r[;f%[ JCPDS No. 891—6216
b " 1

\ i1l !
7i 3% JCPDS No. 85-1053
\ 4% 77 JCPDS No. 36-0426
1 L il

10 20 30 40 5 60 70
20/(°)

’ ll..lllmlll |

B 1 APT. SAPT F1 HAPT [ XRD %
Fig. 1 XRD patterns of APT, SAPT and HAPT

ME 1 AT IEL S, APT 2ok Pk &y SAPT
J&, MM (JCPDS No. 88-1951) Y 4RAF {7 5 1
FKITHMT, 20 BT 8.5°, 13.8°, 16.4°, 19.8°
A1 35.4°, IHJEF(110), (200), (130). (040)F1(161)
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Sl PEAEH =k (JCPDS No. 89-6216 ) F4FHEST
SN T 260=8.9°.17.8°.23.8°.25.5° .46.0°F1 61.8°,
A JE F(002) . (004), (023), (-114), (~137)F1
(060)h Tl o BRAEAT B2 AN, JEa b EZA 245
") 413 (JCPDS No. 85-1053, 26=21.1°, 26.9%;
JCPDS No. 83-0542,26=28.2° )#il {4 = £1( JCPDS No.
36-0426, 26=31.2°), SAPT & Wik RS,
HAPT F(110) i T AT 5 14558 B8 KM e, X2 i,
700 °CHF, [Ny A FLIE Ho AR i A K R 5 4a Ak 2k
25, NERZEAITR Tk S/ \ A 25 4 ) A
MM TR Fe SURBBRUE, JFE Ha 5UH
TR
2.1.3 FTIR 247

¥l 2 & APT. SAPT Ml HAPT /¥ FTIR .

" APT
i éﬁEﬂ«Fﬂ

A R | |
(Mg/AlFe)0—H Si:4)
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P /em™

K2 APT. SAPT #l HAPT Y FTIR ¥4l
Fig. 2 FTIR spectra of APT, SAPT and HAPT

TR R B FLAE S5 M, g AL
FTHBAK . BAKAEERKP, A 2 0] s
F|, APT 1 SAPT 13622, 3545, 3407 cm ' ALl
1&5351 5 (Mg/Al/Fe)O—H , (Si)O—H Al 17k O—H
B AR Bl 5 1653 om " Ab Al I AT I A Pt 43 7K B35 Wi
B 7K B4 25 4R Sh W i ;1020 1 652 em ' 4k B Iz
W 4353 1 J8 T+ Si—O 1S 2% DU Tl 4B 42 Si0, Y i 4
PRzh; 517 A1 473 e ' AL AW & 4 51 F 8 T Si—O
—Si fl 0—Si—O0 W IRz, 1 APT #Y FTIR
TEE 787 1 1440 cm ' Ab b I AL 43 ) kg 2 S A
YA TR A A R IE WO , 78 SAPT () FTIR i
B, ISR, T B RS e R R AR T A
A A YERH = A28, HAPT | T4t 700 °C
JEAL IR AL F, H(Mg/Al/Fe)O—H F1(Si)O—H [y
Wl 25, 7E 787 em ' AL HYEL T S0, (I iR
Vi B AN FRAE IR T SAPT 14 /\ I AR 138 4 DU T 44
GER, R TR RIBOK IR, #E— 2P I T
XRD 455, 1M 1630 cm ' AbH ELAY I Y% S HAPT
FOF I T 2 SR K TR
214 TR

¥l 3 & APT .SAPT Al HAPT ) SEM [& 1 HAPT

B TEM &,

Kl 3 APT (a). SAPT (b). HAPT (c) Iy SEM E#i
HAPT /) TEM &l (d)

Fig. 3 SEM images of APT (a), SAPT (b) and HAPT (c),
and TEM image of HAPT (d)

M 3a BT 0L, APT BRRIESBI ., KBEAE 1 pm
iy, KR #E AR RN AE R AR SR H R A R A
Z, ABEMBER, BF RKEYCRAEURCR S 5
Y (FA¥ERAsA) P HE 3b AL, SAPT it
B2 REGEOR I ( REN A9 ), e FASFS S mn 4y
B, RERAAD, KEEGRERE, R loMoRS il b 2 Ak
i TR AR, I H ARSI TR
BB . iR 3c. d Al WL, HAPT A9 Shpk$T
W KBEAR, Rirnyie i RER B, RIRHS
B, JF—LIEH, 4700 CEiRab g, Mg
A1 B AR SS F B IR
2.2 HAPT/PDS{k % [£fi# SDZ W% &E
2.2.1 HAPT/PDS 4k % K SDZ ) 7T 4714

& 4 & SDZ RN[FEIAZR T (HAPT, PDS. APT/PDS.
SAPT/PDS. HAPT/PDS ) R4S H .

ML 4a 0] L, SDZ B R A2 A Rl RN A7 76 B
WEF . K HAPT X SDZ JL-F- B A7 50, i
HAPT X} SDZ F e it Fme B V8 FHvT DL 2 AT B
% PDS 7£ 60 min {XFEME 10.2%1% SDZ, #EK 2 [
B [A] 2 240 min DU 7] DIRES# 28.3%M) SDZ, X &
T PDS S == T il [ th3k, 53 SDZ #4afk
O3B YL R A PDS RAERT, 240 min P
APT/PDS. SAPT/PDS il HAPT/PDS %} SDZ )[4 fi#
ROHIN 19.7% . 24.5%F1 77.0%. MK 4b AT L,
APT/PDS . SAPT/PDS . PDS F1 HAPT/PDS [4fi# SDZ
(1 I R A TG #, Hoh, HAPT/ PDS 1Y
I R ZE B R 4.78x107° min', 435K APT/PDS

(0.71x107° min' ). SAPT/PDS (0.86x10° min ')
A PDS (1.21x10° min™") 9 6.7, 5.6 F1 4.0 i, X
SN, BOR APT ZstMRE s , JLali B Rim i &,
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e B B ), HH Fe X FEUBNASER
177e, ik, SAPT M SDZ PEREFRTHERH AR,
T 5 FE 4255 7 HAPT ' Fe SR RS, i
W Fe Wiy & 5 L, Kif$EF 7 HAPT/PDS
R X SDZ WAL i P BE

—v— SAPT/PDS

0 50 100 150 200 250
[} ] /min
5L b 4.78

k/(x107° min™")

1.21

0.71

PDS APT/PDS SAPT/PDS HAPT/PDS

Kl 4 RIFEERX SDZ FEMERA R (a) MR N E R

WA (b)

Fig. 4 Effect of different systems on SDZ degradation rate
(a) and reaction rate constant (b)

2.2.2 HAPT #% Mgt SDZ K ff 64 % a

K 5 4 HAPT #ndExt HAPT/PDS Ak 4
SDZ (521

E S AT E], 24 HAPT #init M 0.5 g/L
HENE) 2.0 g/L 1, 240 min N SDZ (IFEA#RM 71.1%
L FHF 77.0% , AL A SR R H FUN 4.16x107° min™!
HANE] 4.78x107° min'; 124 HAPT Bohn g ik—24
HENE] 5.0 g/L B, SDZ MIREME T %N 67.4%, X
PR R B RN 3.17x107° min', X2 K,
24 HAPT B 3 i, #15 Fe #Fp i & s thbi >
B, ROVAR R B ERAR A SRR [ S
sEAAHN I, Mg T SDZ MRS MY
Fe WP & st 2208, HEs AR RN A & ™A
FIBLRRAR [ JE 3L [ i 56, INTTREAIR SDZ (R
fig B
2.2.3 PDS R Ext SDZ K&y %a

Kl 6 24 PDS ¥k JiE X} HAPT/PDS f{kf4f# SDZ
FA 5]

0 50 100 150 200 250

S5 JE e [E] /min
5L b 4.78
4.16 4.16
B
fon) [SC05RS
[ [XRXR%8 3.17
=} 230525058
8 [S0505982
g 3 s
52525855
D S8
S 250505658
2, g
X 2 pessss
% e
s e
[S305550505
L G
plselesetes
[$S5055558
2525258
25050565
o L_EEEE
.5 1.0 2.0 5.0
HAPTH & /(g/L)
= 5 i=A
K5 HAPT $inttxf SDZ FEAFARERM (a) S H N
ME 32 A%
HARFE (b)

Fig. 5 Effect of HAPT dosage on SDZ degradation rate (a)
and reaction rate constant (b)

100
a
80 [
260}
-
Tt
—=— 1.8 mmol/L
20 —e— 3.6 mmol/L
—4— 5.4 mmol/L
ol —v— 7.2 mmol/L
6 5I0 l(l)O 15|0 260 230
LA (] /min
7t
6 5.87
msl L, am 4 //
g :
OB v ¢
S
=5t / % /
. Y 4 o4
1.8 3.6 54 7.2
PDS¥¢ fE/(mmol/L)
5 6 PDS HEEXT SDZ AR R (a) o H s i i 4%
HWH (b)

Fig. 6 Effect of PDS concentration on SDZ degradation
rate (a) and reaction rate constant (b)

MIE 6 7] UL, 4 PDS ¥ M 1.8 mmol/L %
7.2 mmol/L B}, 240 min P SDZ FIRAHZEM 75.6%+HEF
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Z 83.1%, XTIV AY S R FHH 4.36x10° min'
TF% 5.87x107° min ' XJEH T, i PDS WKER
M, HAPT BTG 878535 PDS b, KRN
TR H AR A RS TS, Aminte 7
AL R AT
2.2.4 SDZ a4 R E R BT SDZ W fig o %)

& 7 Ay SDZ W1 46 i Uk FE X HAPT/PDS i {L %
fi#t SDZ FIFZ ] ,

100 a
80
R 60f
@
4 -
& 0
—=— 10 mg/L
20 —o—20 mg/L
—a30mg/L
oF —v—40 mg/L
0 50 100 150 200 250
BB [E] /min
14+
12t
= 10 |
=]
£ 5l
= 6f 478
< 4| //
1.82
2t / 124
. 4 _—
10 20 30 40
SDZA) i B B B /(mg/L)

Kl 7 SDZ ¥ i W BEXS SDZ Fefi e nyszm (a) B
SRR EL (b)
Fig. 7 Effect of SDZ initial mass concentration on SDZ
degradation rate (a) and reaction rate constant (b)

M 7 AT, 4 SDZ WId it i FE A 10 mg/L
BTG 2 40 mg/L I, SDZ HMES#Z M 96.8%34
B 55 42.9% , AR A SRR BN 12.43x107 min™
J/NE 1.24x107° min's ARSI, SR
YRR E— 2, SDZ MR fig R it 25 HoAo U o i Ik
JE R B M RRAR
2.2.5 A4 pH 2t SDZ M fi# 64 %a

Kl 8 M#1Lh pH XF HAPT/PDS L[4 f# SDZ 11
R

ME 8 AT, KEFERILG pH BT, SDZ fF%
AR B 2 R, 7 pH 3~9 YL N84k, SDZ 7E 240
min FFEAHR N 77.0%% 2 23.7% , XiF I Y S5 17 3 56
B\ 4.78x107 min ' I E 0.65x107° min"', F %L
49 pH A F| T HAPT/PDS %F SDZ A . B4 4,
MWL pH A 3 = E 5, 240 min i, SDZ )
R fif R[] L W T I 43.2%, X6 I A4 2 o 38 3R o

WNT 75.9%. XJER K, Fe JLEAERKH pH i}
AT M HAPT HRs i ok s i pH B, i
) Fe B T2 5 1 HAPT £ ¥ Fe ALk %
Fe 2L WUTIE, M T %M Fe WHILRIMY
AROBECY S MIEBON IR, P BB R AR
P A R BE [ i BE, 17 H. PDS W23 3R, KIERE
I T AL Y A P

100

80 .

60t ‘&,-/’J[ i H=5

FEf# /%

0 50 100 150 200 250

SR s} /min
51b 478
~ 4
g
TE 3
o
o
=
1.15
1 0.90 0.65
0
3 5 7 9
WigkpH
8 WIhf pH XF SDZ KR AR (a) SN HR
HEC(b)

Fig. 8 Effect of initial pH on SDZ degradation rate (a) and
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