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Introduction

The relative preference and the cation exchange capacity of the exchanger are among the important and
determining factors in the adsorption and retention of cations. Studies have shown that factors such as valency, the
size of the hydrated radius or the relative hydration energy of ions, the type of clay mineral, the concentration of
the solution phase, the amount of organic matter, the structural characteristics, and the charge density of the
exchanger determine the preferential adsorption of cations in the soil. The aims of this study were: 1) to investigate
the effect of contact time, adsorbent dose, and pH on potassium selectivity by bentonite in binary systems including
K-Ca, K-Mg, and K-Na based on Gapon, Vanslow, and Gaines-Thomas equations and 2) to investigate the
potassium adsorption isotherms by bentonites saturated with calcium, magnesium, and sodium.

Materials and Methods

To saturate bentonite, 1 M solutions of calcium, magnesium, and sodium chloride were separately used. The
effects of contact time (10-1440 min), adsorbent dose (0.1-2 g), and pH (3-9) on potassium adsorption and
selectivity by bentonites saturated with calcium, magnesium, and sodium in binary systems were investigated. In
these experiments, 20 mL of a solution containing 24 meq L of potassium and 6 meq L™ of the competing cation
(Ca, Mg, or Na) were added to the adsorbent. The selectivity coefficients of Gapon, Valselow, and Gaines-Thomas
were calculated. Isotherm experiments were also performed to evaluate the effect of different equivalent fractions
of potassium (0.1, 0.2, 0.4, 0.6, 0.8, 0.9, and 1) and the competing cation in the solution phase on potassium
adsorption. Simple linear, Freundlich, and Temkin equations were fitted to the isotherm data.

Results and Discussion

This study results showed that the adsorption of potassium by Ca-, Mg-, and Na-bentonites increased with
increasing contact time and reached its highest value in 24 hours. The pseudo-second-order kinetic equation was
better able to describe the process of potassium adsorption by bentonites over time than the pseudo-first-order
equation. Potassium adsorption by Mg- and Na-bentonites had a downward trend with increasing the absorbent
dose in the range of 0.1-2 g, while Ca-bentonite showed the highest adsorption of potassium in the dose of 0.2 g.
With increase in pH, the percentage of potassium adsorbed from the solution phase increased; and reached its
maximum value at pH 9. The amount of potassium adsorption by Mg- and Na-bentonite in all pHs was almost the
same and at the same time more than Ca-bentonite. The interesting result of this research was that the behavior of
Mg-bentonite was more similar to Na-bentonite than to Ca-bentonite. An increase in the negative charge of
aluminosilicates with an increase in pH can occur due to the loss of protons by silanol and aluminol groups. The
selectivity coefficients of Gapon, Vanslow, and Gaines-Thomas changed under the influence of contact time,
adsorbent dose, and pH. Comparing the results of the investigation of the mentioned factors with the results of the
selectivity coefficients showed that these coefficients cannot be a definitive criterion for judging the preference of
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one cation over another cation for adsorption in exchange sites. The isotherm experiment indicated that the amount
of potassium adsorption in the solid phase increased with the increase of the potassium equivalent fraction in the
solution phase; so the maximum adsorption was observed at the highest initial concentration of potassium (30 meq
L%, which corresponded to the equivalent fraction of 1). The linear adsorption coefficient in the simple linear
equation (Kq) showed that potassium adsorption by Na-bentonite was higher than the two others. The highest
amount of Kg, 56.0 L kg, and the lowest value, 11.9 L kg™, were obtained for bentonites saturated with sodium
and calcium, respectively. The parameter br, the heat of exchange in the Temkin equation, was estimated to be
4.5,5.0, and 19.1 (J mol?) for bentonites saturated with sodium, magnesium, and calcium, respectively. Three
simple linear equations, Freundlich, and Temkin were able to describe the adsorption process well. However, based
on the highest value of the coefficient of determination (R?) and the lowest value of the standard error (SE), it can
be said that the Freundlich equation showed the best fit to the data.

Conclusion

The highestadsorption of potassium occurred at a contact time of 24 h, a dose of 0.1 g for Mg- and Na-bentonite
and 0.2 g for Ca-bentonite and pH 9. The pseudo-second-order equation described well the kinetics of potassium
adsorption by bentonites over time. The results showed that the behavior of Mg-bentonite was more similar to Na-
bentonite than Ca-bentonite. The selectivity coefficients of Vanslow, Gaines-Thomas, and Gapon changed under
the influence of contact time, adsorbent dose, and pH. The results revealed that it is not possible to definitely
determine the preference or non-preference of a cation based only on selectivity coefficients. The isotherm
experiment showed that the amount of potassium adsorption increased with the increase of the initial equivalent
fraction of potassium in the solution. The highest value of R? and the lowest value of SE were obtained for simple
linear and Freundlich equations, respectively.
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Figure 2- Effect of contact time on the amount of adsorbed K (a) and adsorption percentage (b) by bentonite
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Figure 3- Effect of adsorbent dose on the amount of adsorbed K (a) and adsorption percentage (b) by bentonite



YVY oo g o oo eqmmnedS b o £ Lol glaCusigits bawgi iy 002 9 (6 510 L] « iy 9 Ll

@l 4 ar g b (F JS5) 2 plsl el Y plod gloj 9 3>
O laie o (Y JSCi) oles loj pil (w5l ool cmand 4
Olej 3 oo gty p)5 ) g ety o (Y JS—3)
Oled 33 Ll Cudgiy p )5V 3l pidiy oS welw VY uled
=290 0l 35 by @iy PH 31 (o ol 50 0o
(¥ JS5) 2903 Wb

olod b gloj > mliy sl |y (KeT) ole 55259 (Kv)
plod gl culps Jlade o wlad loy ol 38l b amd o lis calizes
9 Ol oles loj & Caw | ol SSilo ol 2L o133l a3l
Ao dele B bgs a9l sl olol p Sl g Jslone
D5 o culy s pl polie &S il cpl an g BB S sl
Jobs s odel s 4 polia b les s 1y (NA-K) cud bopn
P ulps 58,5 wolie S dwnlie (Mg-K 4 Ca-K) cud beal
Spdzesy Sl Ca-K piwaw 4 Cumnd MP-K' ol5 pi o
@l dulio b Cowl prndS &) Cond it y9d> 53 iy Jidey
5 (V JS—d) e olas glagloj )3 el > @ bgiye
w]),o css u]yL;a (a Jg.w) 04 duw Lo dﬁ)dubwl wl).«o
b Uy s ooz 5 gbusly co o 1y elogi=35 9 92
wl)_.o ‘V))KJ Cuin )g..)u.n A3l ul_wa ‘) u'.o) B8
9038 bl (98 ) S ol e 5 Sl (6 oLl
OA] 2 o I'VH‘)L” Lg).:.bc»); pis ol uLw; s )J.)LO.A
odl> TP i & cu»l.oﬁ dL&vuLo) )1 ral..\fé».fb 2 Lu ‘u"L*’]
(Y JSE) Wols s Ty le cusdS

==4==Bentonite-Ca === Bentonite-Mg
35 (@)

2 ”_-/I—-"/H_"
25 :

20
15 | o p——— "
10

5
0

ol s aoliy

K adsorbed (cmol, kg?)

Bentonite-Na ==¢==Bentonite-Ca === Bentonite-Mg

el o Lo yd
K adsorption (%)

pH

09518 9 PH o3l gl a oy (L iy lg 4o does

Sl g )b pxe dio 0 ) o )0 o by Ol y 008 gl |
003 ol oty i (%S g (i 3 I stae o3l o
2 o IS gty g PHR 13 oo Caigity 42 bigyo i
HbaS aad o ol Mo cadd b oo by e 51580 5ge pH Y
235 5 AL o )b g ) Baes ne O3l (] 3 s
Ol Pl aos)d D)l (65 PH &ty slasl g o | JSS o
256 o a8 queliy Qe il ol o 4 5 i syl
JS) XRD gl bl 5, (Jalali, 2012) 5,5 o ,1,5 pH o5
bos &5 S Cusglyee Coge ViV Ly cudgiy » e IS )
b oSl wgimogll Lito b Lialsbl sl ol e, gyl
og,S o wgi ygigp ool s I 510 Wilg e PH il 38l
125 ¢ lad (FAI-OH20H) stz 5 (SSi-OH) Jydle o
25530 slog,S (PKa) (sl ol iie oI (Sparks, 2003)
Livetal., ) cuw | S5 MY 9V Cuip & Cugljge Coge sy
P2 i 9 o Coigily b peully ol olje (2013
Casgin | b (Jb cpe 0 905l S @ Lyyd dapH plos
sly cigin Gl e plusy bls )5 9o cornlS
5 Jolowe 1653 MOCI" 28, S, 455 S5 oo 5 i
cald p 3o Jolss 5l lgien ) mjsie S5 bl glad
il alllas 5)50 (L5 (Sl )3 mrd g w2 ke )13
@ 0988 (nlhpa > ajsie Sy Sl gld s 4 (rimen
Sy cage Ml oo gy (Jol 16 oS’ gludl 58S lgis
sl ol Glaple (o y 3 Gl g (g S g > O3
PV spam P PH b oy 88 Canl 185 2 p5Y 295 ol

Bentonite-Na

70 (b)

\

= N W b~ O
o O o

o

Cuigiiy buwgi eawliy (D) e w03 9 () e 2 pH 1 -£ JSS
Figure 4- Effect of pH on the amount of adsorbed K (a) and adsorption percentage (b) by bentonite



VEeY Sl ] — (09,8 o) o)l FY als (S g o 4,25 \YY

—&— Bentonite-Ca —#— Bentonite-Mg Bentonite-Na

00 ()
04
0.2

0
-0.2 0 1440
04
0.6
0.8

-1

log Kg

(aB3) olos oo
Contacttime (min)

—&— Bentonite-Ca—#— Bentonite-Mg

1

0.5

—e— Bentonite-Ca—=— Bentonite-Mg Bentonite-Na

2

L5 (b)

1

log Ky
o
(62]

1 20 30 60 120 3601440

(ads) oles oloj
Contacttime (min)

Bentonite-Na

©

log Ket

1| =

10 20 1 440
-0.5

(4683 oo ooy

Contacttime (min)

ol loj yuti L () (wlogi= 325 () shansly (@) (1925 (6 72l PRI et pod Ol i -0 YU
Figure 5- Variation in Gapon (a), Vanselow (b), and Gaines-Thomas selectivity coefficients by changing contact time

4 S oo Uy o 5 550k 45 39 o (o ko Caigiiy 3o
RV ul_wd AJ.)};;{..{ )l ).5))4 A Cudgly P)f /¥ 9
2 gedly cupd @) ol bl ol 55 mades ) by e 5
9 9¢ Cule u.)l> O"l P)f Iy )].\.EA 2 1258 Q»Loy—).uf 9 U}’K
ol (F JSS) epholbal col s mlo b (Y JSS) eols jlade
P ol Gl K el @ ca el S b e

sl JJ\» dl.molfw

x4 lpee s phobl calps polo | ks onlply
558 P ot 3 ol pas b bz 5 3590 5 (oS
ade cgluily o i duwle 10 Jgo S 5l oolaiol Jdo 4 idpw
=55 uly b 4 o s cudybeal ol o oy s ol (goae
()"l 5 L)“L"QJ_)-‘-S 9 uylf wl)_ao )..{.)lﬁ.n cdgujb).) ATY) S5
g Sy J) a8 el
Coigiy 5 o B (S i 5 Cp b 3 o0 (LS OO jlada
P e g soeedS Gacasiy ) 9 p)S /Y ke 3 (evi
olps cplaodls Hlade Linl3dl b ad sanliv 3l 0,5 <Y Hlade
by plas (¥ U5 ) @il jlade S wyp ol lis 1y (Jg3 X,
orie Cuigiin p)S /N jpas ) ey o e o il oS



VYV oon 9 o2 oo S b o £ Lol glaCusigis bawgi by 002 9 (6 320 L) « iy 9 Ll

—— Bentonite-Ca Bentonite-Mg Bentonite-Na

15
(a)

1

£ 0.5

(=)
S e
01 02 04 06 1 14
-05
1 (p5) ity st

Adsorbent dose (g)

—— Bentonite-C
2

15
1
05

Log KeT

0
-0.5

-1

a

0.2

—o— Bentonite-Ca Bentonite-Mg Bentonite-Na

# (b)
2
15
1
05
0
-0.5

-1

Log Ky

//\/'—0/\

0.1

02 04 06 1 P42

(p5) el Jlade
Adsorbent dose (g)

Bentonite-Mg Bentonite-Na

(©)

I S

(p5) 23l ylade
Adsorbent dose (g)

Bl e ki U (g) (wlogi= 335 () ghuily W) (5928 (5 g PRI ol o> ol g =1 JSd
Figure 6- Variation in Gapon (a), Vanselow (b), and Gaines-Thomas selectivity coefficients by changing adsorbent dose

Sy 1,8 pH

K-Ca glig> sloio s 5> o by o5 (sl sl gl
clale )l b cusl odd ool lis A IS5 0 K-Na 4 K-Mg
S SligFa s b (odgno L) e ly Ol e o Wy 4yl
ko Vo G o Wy gl CalE o 5V )3 (e By Qo S
Ab odalie ) (Vg ST S Jolee) maolis i) 3 Yl ST
cbul colps b (Jalali et al, 2020) o) Sen 5 JM>
2 29> Sl )3 mjate g S i el s pd
) Lt I3 L gt s il oSl oSS A
33,8 o5 1, S s bl

sloodly 4 1Sl g mddigyd ool Jas Vblee 5l ol
e e (g ity ol 04 BV Joa2 53 eiliy p 593
A1 25 oS Sty 1 ol S g seres Cuigiin ) s iy
aS o i o (Ka) eoles (Jas dblee o Jad s o
Fobar 3593 Eledl Al 93 ) S (cones Sty )3 iy
Vy/A coi L)")‘JS(’;S‘LS » )J o5l Ky )I.\Iw O iy D

4 gorn 5 Sy g et Cudgliy )0 S A ep ) SelS ) 1l
ol Cawd

b e Uy by Qb cul e w80 a3 oo LSV JSS

a5 dg cide PH Y- aaly > osjrio Codgiy j0 g pdn
wl).«o u»lwl))wlry)u.cdu&mawlu@);owub
ey PH sl g 53 (oS Cuigits oldly g (S
poelS’ &) G maosly (6 a5 Sl PH 08 alels )5 gl
L5 D cpl g aie dalllas 350 PH aialy 13 euds Cudgiy
O&e dliss 390 65 b g uwly adol clale gy SSL > &
Lddl Cadgis )3 e 4 Comnd raw b 0l ¢l (e 5 sl
oo he Coigits Al L ordes gty bausgd panliy ol 85
d))JuuL’xul u.:l)_a.o C.:L.s u»l_w] » Le(u ‘U")’L’ Sl 0203 C)
pa—da ) (958 o s phime F pde b s phize S Ol
LS)"J"’C"})" & s ulﬁi@ odel Cid L G:L.: u»l_w] 2 D903
235250 Sl isslS b ol plad b Cov gty 3 e by
5 ooled loj 0disS gl | a0lS o edls jlade ¢ JolS i sun



V¥ Caliegurd = (329398 ) o5l PV il (S g T i VXYY

—o—Bentonite-Ca Bentonite-Na
0.8
0.6
04
0.2

0
02 3 4 9

Bentonite-Mg

(@)

Log Kg

-04
-0.6

pH

—— Bentonite-Ca

15

Bentonite-Mg

—o— Bentonite-Ca Bentonite-Na

2

Bentonite-Mg
(b)

15

1

05

Log Ky

Bentonite-Na

(©

3 4 5 6 89

pH

PH 5085 L () (ologi= 55 o(0) ghaasily () (1925 (6 72 i PN sl pd ol g - IS
Figure 7- Variation in Gapon (a), Vanselow (b), and Gaines-Thomas selectivity coefficients by changing pH

9 sor—alS Cuigiy lp cas S A ol e (i g (S
nSad dolre 1> Jols sloyS DT el yb s 9l esdes Casigi
2 L5 )5 g SYL el e 4 (3 mol™) VAN g0/
223 o lid adws g oer e £l 4 s o IS sladl>
3 390 b S35l duanliy baw g (IoL5 manlS” (030 (ol
ol

Al (R?) o calps (6lp odelow s polie 4 angi b
WP A S 5 gdgyd ol et doles dw o b b b
O oy lade op YL S G o |y wle a8 wiiulys
dolro LS‘)’. D)Lﬁh'._wl sk L)")""f 9 oal—w L;‘a.'> PR P9 dl).g
o3l _wlidio a8 e ily dn g Wb (Y Jodo) del i 4 guduig
9 ol )8 puf (1S g ool as Voo (il 50 Cla la
osly i s8 olie 3l cou Kl o gliig dlolae il 4
sl ausly 8

@ ol 1y (esdw Cudgin 2 pwliy YL s e

ek 9 malS b dunslie )3 ol baw 5 mades (23S0l Cgpew
5 e CueS Sl cuip a4 N g Kr ddigyd doles )3 0D s
S i jlde &S amd o i Kf 55 e it Ol (g5 ]
S S8 Kr g el sa i (Bl oo 3 paslsy
2223 LS ¢ Frlie & g del> gghaw 53 jlaizyee (58l Gl
sl K jlado o oo | Jglono 5B ) (9 ik e
Cadgis y ol i (pyieS o YOIV i b esdw Culgin
SN e el cwd 4 pSekS 13 1 Ve/Y ade b e ulS
iy o] e oy g oy pieS &S D9y e +/AFA L +/VAY
N3 Oylie D9 (ol gy § (cordw Cuigiy 4 by
P e G230 5 et Cuigi e 5 Ol sl e by
)13 5l (owjaie 9 (oo IS i b dunsllie )3 (g a8 (55
2 ol (ol e 0280 51 (b pesliy ol ¢S oo 5
el 5 e b 35 ol e oS K yzel)l i b oo Jslne
3S0lo g wSed dWolre cods B el )l el awd 4 /YDA L < /YYS
509 yxio OO+ U WY 0y w8 o &S ol Jobs sl 5 ol



YVO oo 9 o2 oo eqpmnedS b oy £ Lol glaCasigiy bawsgi iy 002 9 (6 3304 OB « iy 9 Ll

Mg-Bentonite

Ca-Bentonite

1400 ~ 400
% 1200 £ 350
~ 3% 300 *
3 5 1000 =
% é 800 * 41 £ 20 ¢
e ; 'S I }é 200 L 2
J 5 600 38 150
13 * 5 °*
<5 400 2 100
$ 200 ¢ < 50
oL 0
0 10 20 30 10 20 30
ol ol el presliy ol calé
Na-Bentonite
1400
1; 1200 *
33 1000 ¢
IS
} £ 800 .
X 600
° § 400
2 200 ¢
0
10 20
poliy ol clale
Equilibrium K conc. (mmol/L)
M g (o0 3k ¢ comulS SLACigy 55 pawlly da slae gl -A IS
Figure 8- K adsorption isotherms in Ca-, Mg-, and Na-bentonite
iy Qe g2 0 59 5l C¥3lre (il 51 ol (5 el - Jou
Table 2- Parameters obtained from fitting isotherm equations to K adsorption
ool (s &g CnSed
Simple linear Freundlich Temkin
3l R2  SE Ks R? SE B br R2  SE
Adsorbent
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Na-Bentonite  56.0 0.988™ 54.6 0.783 257 0.958™ 0.105 0.358 550 4.50 0.969™ 440
AN S NP
** significant at p < 0.01
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