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Transport and Model Calculation of Microplastics Under the Influence of Ionic Type,

Strength, and Iron Oxide

ZHANG Ran', YU Ke-fei' ">, HUANG Lei', CHEN Ya-li'*, MA Jie' , WENG Li-ping' , LI Yong-tao’

(1. Agro-Environmental Protection Institute, Ministry of Agriculture and Rural Affairs, Tianjin 300191, China; 2. College of Resources and Environment, Huazhong
Agricultural University, Wuhan 430070, China; 3. College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510642, China)

Abstract; Microplastics (MPs) in soil have atiracted extensive attention as an emerging pollutant, and the transport of MPs is affected by their own physical and chemical
properties, the chemical composition of soil solutions, and soil minerals. However, in the presence of oxides, the underlying mechanism for the transport of MPs in different
lonic types and ionic strengths is still not fully understood. In this study, the effects of ionic type, ionic strength, and iron oxide on the transport of polystyrene microplastics
(PSMPs) with different functional groups were investigated through stability experiments and transport experiments. The colloid transport model, CD-MUSIC model, and
DLVO theory were used to explore the transport mechanism. The results showed that normalized concentrations (¢/c, ) of PSMPs were 0. 99 in the NaH, PO, background and
0.94 in the CaCl, background, respectively, which indicated that the strongest stability of PSMPs was observed in the former and the weakest in the latter. Different ionic types
had different effects on the transport of PSMPs. For the cations Na* and Ca®* , Ca®* strongly inhibited PSMPs transport in pure quartz sand because of the hridging effect and
strong charge neutralization effect; the recovery rate of the PSMPs in the effluent was (43.83 £1.71)%), and a first-order retention coefficient on the second kinetic Site-2
(ky,) was 1.54 min ™", The presence of iron oxide enhanced the inhibition, the recovery rate of the PSMPs in the effluent decreased to (6. 04 £0.40)%, and k,, increased
105.33 min ~". For the anions C1~ and PO; ™, the transport of PSMPs in pure quartz sand was dominated by surface electronegativity of PSMPs, and PSMPs exhibited lower
electronegativity under C1~ background and thus showed higher recovery [ (92.95 £0.63)% ] and lower k,, (0. 19 min~"). However, in the presence of iron oxides, the
Zeta potential of the quartz sand surface was the controlling factor for PSMPs transport. According to results of the CD-MUSIC model, PO]~ could be easily adsorbed on the
iron oxide surface to form innersphere complexes, which reduced the surface electronegativity of the iron-loaded quartz sand and enhanced the transport of PSMPs, higher
recovery [ (76.22£1.39)% ], and lower £,, (0. 66 min~"). Moreover, the species of the formed innersphere complex was controlled by the PO}~ concentration, and
different species of innersphere complexes had distinct negative surface charges. Higher surface electronegativity of the iron-loaded quartz sand was observed under higher
PO, ™ concentration, which was not conducive to the transport of PSMPs. Further, the transport ability of PSMPs decreased with the increase in ionic strength. Finally, the
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Derjaguin-Landau-Verwey-Overheek ( DLVO) theory was used to calculate the variation in the primary barrier between PSMPs and the collector under the conducted

experimental conditions, which helped better elucidate the transport behavior of PSMPs. The variation in the primary barrier was consistent with the transport ability of PSMPs,

and a higher primary barrier indicated a larger repulsion between PSMPs and the collector, which was in favor of PSMPs transport.

Key words: microplastics (MPs) ; transport ; ionic types; ionic sirength; iron oxides
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PERTRY e A KR AT, HL R B AR 4l € 35 A vp 2
AALI B A S AT A AR TR e 8.6
x10 2g-L7", LR B E R 600 m*-g ™' Kk
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ANF B R AN E £ 9 BT PRl PSMPs %2
FEME A& 2 fTZE 2 AR, PSMPs- 200 il PSMPs-
COOH-200 fEA[RE PR A et BA —En
ML b, 5 HO R AE VEITE NaH, PO, 5 SVA TR
S {E CaCl, 15 5V R 4 2. 101, PSMPs-200
FRUELIRIE (/c,) 15 Nal, PO, 75 57 FRA (o
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] 20 40 6f) RO
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512 0.967 #10.965) , CaCl, 5 S W T WEAK; [A]
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NaH,PO, 7 W W T i & #:08 F 1, Wi 78 10
mmol+L.™" CaCl, 5 FIEMEZE 0. 94, ik 2 7]
1, PSMPs-COOH- 200 7£ 10 mmol-L~" CaCl, T A9
Zeta HLAIECHER[ ( —20.53 0. 82) mV ], #l H 1 #
LR 18808 K421 K (568. 20 +10. 34 ) nm, FE 1 F
FEPEREAR. e Ah AR R B3 SO R, PSMPs-COOH-
200 H%a5E PENE & T PSMPs-200, 217 1 mmol -1~
NaCl ¥ ¥ /', PSMPs-COOH- 200 HY ¢/c, N 0.974,
PSMPs-200 4 0.967. b i — 25 ¥ 5% B F itk B Xf
PSMPs Fa @ 520 | LL PSMPs-COOH-200 A3,
ME T HAERNFE TRETH o/, ZHREH
PSMPs-COOH-200 HFE i 1147 56 55 TSk BE AT 18 i
AR L 2 (b)Y, kA PR 18 3 s e 1
A 1] A HE F g, 0 T W 105 R 4 1
PSMPs 76 A% [ 75 5 v S 1 s e A 3, (4
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fifH& /min
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Fig. 2 Stability of PSMPs-200 and PSMPs-COOH-200 under various solution chemistry conditions

=2

AEEGETARER ., HEAERF PSMPs B Zeta B84 LK PSMPs B2

Table 2 Zeta potential of quartz sand, iron-loaded quartz sand, and PSMPs as well as particle size

of PSMPs under various solution chemistry conditions

WiH o B %%fgﬁ Zeta tﬁﬁ/mV PSMPs kifs
/mmol -1, gy PSMPs 4l B B /nm
6 1 NaCl -54.37 +1.18 -38.33+1.69 -29.25 +£0.09 199.00 +1.92
6 10 NaCl -45.13 £1.18 -33.57 £10. 94 -26.27 £0. 69 195. 80 +2.24
6 50 NaCl -38.13+0.95 -28.43 +0. 69 -23.14+0.56  213.47 +1.08
6 0.1 CaCl, -25.57 +3.64 -27.27 +0.33 -23.97 £1.41 212.17 +1.47
PSMPs-COOH-200
6 1 CaCl, -22.23+0.39 -26.26 +0. 17 -20.93 £0.83  224.17 £2.98
6 10 CaCl, -20.53+0.82 -19.93+1. 14 -14.70 £0.27  568.20 £10. 34
6 1 NaH, PO, -48.07 +1.05 -37.93+0.21 -34.04£0.33  202.43 £1.89
6 10 NaH, PO, -46.23 +1.08 -31.23+0.34 -29.90 0. 41 206. 09 +4. 38
6 1 NaCl -45.97 +1.09 -38.33+1.69 -20.25+0.09  218.70 +2.73
PSMPs-200 6 1 CaCl, -20.30 0. 43 -26.26 +0. 17 -20.93 £0.83  230.03 £1.97
6 1 NaH, PO, —47.77 +1.47 -37.93+0.21 -34.04£0.33  217.83 £3.39

1) SR A TR A R AR A IR G (i el 2:1)
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R B AR I AR RN, /e, FIHE 0.94 LU L,
HCATIA R PSMPs 7EIE RS S 56 i B s PR T
2.2 BREAYIEAE T B FRAT PSMPs iER 150
[A]— B F55 5 (1 mmol - L~ )\ NG sl
S I, PSMPs 7E 40 A7 S b A2 2k A7 Db o 1 5 175 il
LU 3, -GS HIE 3. X THE T, Ca®* Xt
PSMPs £ 4li A1 S b 2% A SEmb v () BELIFAE FH R
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PSMPs-COOH-200 19 MRl Ca* B 5 R 1Y
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+0.63) %, Ca’" FRIFW NG W —A3h )12

D5 B — R B R (k) TSR A8l 1256 1,
R —H PR R (k) (4.71 min “L R 0.45

min ") WIIETF Na™ B WM (1. 50 min =" 1 0. 19
min~") [ & 3 (a) fIZE 3], MIXF—H Na*,
Ca” " s AL far TP AIYE L, I L AT LLAE PSMPs 5
PSMPs 2Z [l & PSMPs 54 it 2 [ 4R AEH] L
i PSMPs FIFT3EHP 9 Zeta HLA T}, PSMPs 72
K, 3k T {5 £ (¥ PSMPs UL R 74 95 A5 HR. W
el E’Jﬁﬁnﬂz%‘zﬁﬂ H#ﬁ?ﬁif? (1_.‘
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FUTE’J&*&[@%MJ an Caz*%‘?%‘ <, LL.7J</ﬁ~

iertt) PSMPs-COOH- 20074 71110 4 1 4 77 b b7

(8351 0. 1) % e 1% 22 20 Bk 41 b H Y (17567 +
3.42)%, k,, H10.45 min ™' #4025 3.29 min "' (£ 3),
Feo, V10 i 25 1R 2 PR R4 AT D X PSMPs AN AT 335 1
BRI AN, A BRI 1 FH B 5. 32 R ok - COBR AR A
APER T APRP ) Zeta FUAL(F 2) ,FEAKT PSMPs-
COOH-200 FILAHehb Z [ LR 1, Qakikadirb
FIAHLAE BERG N (& 1) , ASFIF PSMPs-COOH-200 [
i, HETC AV 2R R 2L TR RRS B2 7E
JREAAIE RS e ) FE A RS 2 B3 AN AT ARy
PSMPs #2457 22 (1 BT AR A5, 36 0] AREAIE PSMPs A0
A>T 1] B g8 057 2, ST BELAE PSMPs (1T 8614,
Ok ALY BERE I PSMPs , ANF] T PSMPs A5
BRAAARYITE PSMPs SERS 3 72 A BV VE FH B 2 1R
HIE. U Tong 26 VAL T AR AlFe 0, O A= W 7%
X PSMPs iF RS 5200 , 25 R 5 LE W AH LG, Fe 0,
WCPEA= W 7% B BEBELIT PSMPs 16 Z2 LA i P 3T 5.
Wu 22 5848 ) PSMPs 7EA Fe/ Al LA fY 438 v
DURLHE /> SERE .

X FBHEF, 4 A7 S H PSMPs-COOH-200 il
PSMPs-200 HYITEFEA 70 F2 837 HZR T Zeta HANL AT

). i A BERS TP PSMPs-COOH-200 7E Cl~ 15 S W
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FR AT s 2843 1 R (92,95 + 0.63)% F1 (78.12 +
0.11)%, HE—"sh #0008 E— R R (k)
A 1,17 x10 72 min ' F10. 19 x 10 2 min , ky,
4392019 min ™' F10.56 min ' (£ 3), XEH T
PSMPs-COOH- 200 7£ Cl~ ¥ &= T B9 Zeta HL i/
[(=54.37 +1.18)mV [k F PO}~ ¥ [ ( —48.07
+1.05)mV ],k C1™ 5 T A Belal iy R 1 KT
PO, 5%, i PSMPs-200 7£ i # B 7 F ) Zeta
WL $ 95 [ PO, : (- 47.77 £ 1.47) mV; Cl™ .
(-45.97 £1.09)mV ], TR HE 7 X 548 /IN Bl 3
(b)]. 76 3B A1 9 &P o, PSMPs-COOH- 200 1
PSMPs-200 ¥ & 7E PO}” W RIBEM FER S ITH
[ 3(e) ME3(d) ], HPI#FFE PO, HELTHY by,
(0.66 min~' Al 0. 83-min"") /N F €17 ;%s,};'j (51
min "'l 1. 73 min )H(%%?)) él@'ﬁ%h%%ﬁfﬁ =
3T ph T IEALBE LA DI REZ £ 0 9 T X 'ﬁ%txu%%iz
iﬂwﬁm’ﬁuﬁ’%% (] E‘ﬁﬁﬁ%ﬁﬁ ) EI’J ieta ¥
1£ PO, F5 NI ~34.04 +0. 33)mVMEH?c1 s
FL(-2925+0, 09)mvj 12 PSMPs (9358 5 2’
— 5 i A A R PO; X AN ﬁ%@ﬁﬂ’]ﬂﬁ&ﬁux
A, AT EPSMPS (RS . B /INE 554 (95
W PO, o U E SR AN G- 4 ] Hafb
(T . HiE—4 W POy SEE LY Z 18] B AH
HAEFIHLE], AR BF5E R F CD-MUSIC #5581 gE£7 T 4%
P 5, 45 R KB Y PO S Nk O 1
mmol L "% % 10 mmol -L.~' H#,%E”%T%%Xﬂ‘ﬁ%%
A A 0. 095 mmol - L~"#411 % 0. 12 mmol -L ™'
(F4). SR, 6 AH X & B PO~ W B £ (0. 12
mmol - L™") T, Bk B ALY A Zeta 07 HI A BT 5
[(=29.90 +0.41)mV ], X r[fEJEH R PO} EAR
] (RS IR B T 5 4 S A I i) 2B A B A
AR5 W& PO, SN 3 m, H 5 8k 4A b
YIE L E 2L G WIE A Fe,0,P0, (61.38% ) 1%
W75 >k Fe,0,POOH (53.98% ). 1 T Fe,0,POOH
FFa LT B - 1) /T Fe,0,P0, ( -2) , Bk Mk
YITE 10 mmol - L ™" PO;” &SR N 1Y Zeta HL T
it ,T%IHD PSMPs [R3E#2. 25 |, 2k AW ml LAk ff

0, IFERNES G, ANBE%E SMRNIEE R
PO, ™ MR BE R, 1E T AR K A SR () Zeta HE
7, 50 PSMPs BT RS T M.

LAk, Br PO SIS T Y 4 L b A
/¢y K EIEFN £, [ 175 PSMPs-COOH-200 7£
ANTRIBA BH B 12 AT (0 44 Db B 384 A e mb b iy
TR HE S 58 T PSMPs-200 (& 3 #13 3). #HIL T
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1.0 F (a) PSMPs-COOH-200 WE A 1.0+ (c) PSMPs-200
s E NaCl
CaCl, o] —
NaH:PO4 ¢ o 0.8

0.6

eleg

0.4

LO I (d) PSMPs-200

clen

. ; ﬂm%mﬂf?‘\" ;o ?meﬁﬁfpv B
) Sy mTEEy ol : ;&u( ) R LA IR (b)sm( d) %fwz;mﬁv’ a
= - Y 3R T A T PSVps R % WRHKERY I, o :
| | ‘ i Fig. 3 Transport of PSMP,S m qualjz ?aﬁd and iron-loaded quartz sgrﬂ‘ under dlfferént ion types o ) ;-‘;'
. . i
~ t @ ®3 pH=6H &mm&mﬁ%* 7% PSMPs mﬁ@ffﬁgma;%%ﬂ )
l Table3% Fitted pdrdmelers, of PSMEE; tranépurf’ infquartz sand and iron-loaded quartz sand d? pH=6
/iﬁ igi ;,-f* et ,.,t/H‘;k ko /min~" &y x1072/min ! ky,/min 7! R?
i 1 NaCl 92.95 +£0.63 1.50 1.17 0.19 0.99
10 NaCl 66.18 +1.43 1.09 0.78 0.64 0.97
50 NaCl 22.16 +1.76 1.14 2.70 3.76 0.95
0.1 CaCl, 99.61 +0.89 3.93 1.02 0.08 0.97
PSMPs-COOH-200
4l 1 CaCl, 83.51 +0.11 4.71 3.19 0.45 0.99
ﬁ 10 CaCl, 0.80 £0.09 3.59 0.81 8.57 0.93
b 1 NaH, PO, 78.12 £0.11 1.64 0.19 0.56 1.00
10 NaH, PO, 60.70 £0.91 4.08 1.38 1.15 0.98
1 NaCl 83.09 +1.55 1.36 0.41 0.37 0.99
PSMPs-200 1 CaCl, 43.83 £1.71 1.00 0.08 1.54 0.99
1 NaH, PO, 90.56 +1.06 1.5 1.70 0.23 0.98
1 NaCl 52.26 £0.42 1.75 0.54 1.51 0.98
10 NaCl 24.60 +0.37 1.43 0.30 3.32 0.99
50 NaCl 4.03 £4.00 2.81 0.00 16.80 0.94
#  PSMPs-COOH-200 0.1 CaCl, 33.56 +4.29 1.11 0.22 1.81 0.98
B 1 CaCl, 17.67 £3.42 1.17 0.13 3.29 0.98
ﬁ 1 NaH, PO, 76.22 +1.39 1.13 0.52 0.66 0.99
w 10 NaH, PO, 38.93 +0.71 0.83 0.98 1.71 0.99
1 NaCl 49.08 £2.31 0.98 0.43 1.73 0.98
PSMPs-200 1 CaCl, 6.04 £0.40 1.50 0.18 5.33 0.97
1 NaH, PO, 59.87 £0.95 1.00 0.41 0.83 0.99

1) PSMPs HiK [HICR (% ) R SERER TS by, o kg o A1 R? X 4 DSBS B RA 1 ; R? Fomhg 251

PSMPs-COOH-200 , JC& FLAE M () PSMPs-200 Y Zeta  TIEASHE ST /IS, Ak, PSMPs (155 /K P 7] figth £ %}
HLAIIS T (2 2) , S Rz E B s R S s 00 ok HaE AT A A S . A BESTEE AL (1 PSMPs
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T & R RE I N S B E AR PR SRS PSMIPs-200 TE55—AN 8l J1 240 5 B i — 20 28 R 8k

fe 3 R AH b T PSMPs-200, BB MR k(170 x 1072 min ") & KT PSMPs-COOH- 200

PSMPs-COOH-200 HAT 53 (1) 55K M i nT e R T (0.19 x 1072 min~") , B PSMPs-COOH-200 14 J5T

HiE . 7 PO, TR W F g e mb kil b, ZIEEEmE TR MAETUR, KT HE ) Tk,
F4 CD-MUSIC BRFARESHRITEER"

Table 4  Surface parameters used in the CD-MUSIC model and the calculation results

PO}~ WINMREE  PO3 - WMHRE  Hgmn

- ) =FeOH =Fe, 0 Az Az Az 1eK /
/mmol -1, 7! /mmol L ~! Zeta B2/ mV REHR ¢ N 0 : : & al
=Fe,0,P0;? ) -1. . .
) 0,095 3404 £0.33 ,0,P0; 2 0 0.46 -1.46 0 27.78 61.38
=Fe,0,POOH ™! 2 0 0.63 -0.63 0 32.09 38.62
=Fe,0,P0,> . -1 . .
10 012 22990 +0. 41 e,0,P0, 2 0 0. 46 1. 46 0 27.78 46. 02
=Fe,0,POOH ! 2 0 0.63 -0.63 0 32,09 53.98

1) Azy, Azy | Az, Tl 1gK BIREIIS] H SCHR[39 ]

2.3  HEEAYITAE N FamEExT PSMPs sER A5 AT A= s . ot — 25 R 5T B 79 X PSMPs
[Fl— B FRAF B0 Bt & X PSMPs i TRAT MR, L PSMPs-COOH-200 %:zﬁ%%_,_‘bflﬂ%

1.0
1O (a) NaCl TRIME 40651 (b) NaCl O | mmol-L™!
g E & ol 0 —— O 10 mmol-L™!
1
0.8 10mmol L' 0 ——— 08 £ 50 mmol-L
ik 06
g &
Z; o
04 | 0T
i
-
02 F 02 -
0 i W ) 0 A . —— |
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
— 1.0 —
10k (c) CaCl o 0.1 mmol-L™! (d) CaCl; o 0.1 mmol-L™"
o 1 mmol-L™ o 1 mmol-L™!
2 10 mmol-L™! 0.8 2 10 mmol-L™!
0.8
0.6 F
= 0.6 =
] o
S k]
04 i
0.2 02
0 Bt aa—m—— s B W F T " 0. 0 A A A A A B T S TS
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
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3 4 5 6 7 8 K
LB B PV FLEE R EPY
(a), ()M (e) RAAIES, (b) | (d) F(E) Jy A K
El4 FAEBFREMBEFLET PSMPs-COOH-200 ZER M R HKA XD haEH
Fig. 4 Transport of PSMPs-COOH-200 in quartz sand and iron-loaded quartz sand under different ion strengths and ion types
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Fig. 5 DLVO interaction energy between PSMPs in quartz sand and iron-loaded quartz sand under different ion types and ion strengths
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