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INTRODUCTION

People in everywhere in the planet have rewarded aware-
ness to the infectivity of exterior and subsurface water initiated
by toxic species, due to their huge danger to the accessibility
of clean water supplies [1]. The harmfulness of toxic metals is
endless and relaxed to accrue in the human being, which may
cause several illnesses and even death [2]. In terms of the
elimination of poison ions, numerous procedures were pro-
gresses. For example: chemical precipitation, electro- chemical
reduction, ion-exchange, membrane separation and adsorption
[3-8]. Nevertheless, these methods have some difficulties for
wide range of applications. Sorption can be realized as a capable
technique for heavy metal ions exclusion due to the features
of high adsorption capability, easy process, low running charge
and green character [9].

Nickel can be considered as one of the poisonous ion
species liberated into the surroundings at remarkably high
scales via releasing of waste effluents from electroplating,
mining and battery manufacturing. Nickel metal can be utilized
in producing of stainless steel, non-ferrous alloys and Ni-based
super alloys with remarkable anticorrosion and heat resistance
features [9]. Some nickel-based materials are also exploited
as resourceful catalysts in diverse syntheses [10]. Nickel-oxide
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and can be exploited for further prediction and interesting additional interpretations. |
|

Keywords: Nano bentonite, Nickel, Adsorption, Temperature effect, Thermodynamic.

and hydroxide are extensively employed in nickel-based
rechargeable batteries [11].

The broad reach submission of nickel-based materials
occasionally directs to ecological infectivity by Ni** and its
secondary outputs [12]. Contact to extremely nickel-polluted
surroundings has the probable to harvest a multiplicity of obse-
ssive possessions in individuals altering from contact dermatitis
to lung fibrosis, cardiovascular and kidney diseases and even
cancer [13,14].

In recent times, tender of units with nano-scale level for
the elimination of contaminants has arisen as an inspiring
domain of study. The exceptional features of nano-sorbents
are offering extraordinary chances for the elimination of toxic
ions in exceedingly effectual and charge-operative methods
and numerous nanoparticles and dendrimers have been utilized
for this drive. Nano size bentonite outstandingly offered a more
cost proficient effluent management technology because of
superior exterior vicinity and superior vigorous sites for
bonding with metallic species functional groups [15-18].

In present work, we try to model the effect of temperature
on the adsorption of Ni(II) ions onto nano-bentonite at studied
conditions; pH 6, initial Ni(Il) concentration 50 mg/L and
adsorbent dosage 0.2 g. The suggested semi-empirical equations
will permit more interpretation of the studied phenomenon



1148 Alakhras et al.

Asian J. Chem.

and can lead to predict or estimate some quantities when other
are available in literature, or estimate different properties values
when parameters of experimental conditions are modified, etc.
Moreover, the present study comes into general scope of mode-
lling some physico-chemical quantities in order to test the
obtained correlation on other experimental conditions and
to what extent it can be generalized. Also, the new obtained
optimal adjustable parameters can be utilized as a diagnostic
or criterion factors in certain practical usages.

EXPERIMENTAL

Adsorbent: The nano-clay, hydrophilic bentonite, was
acquired from Sigma-Aldrich chemie GmbH, with relative
density of 2.400 g/cm® and pH of 6-9. The nanobentonite was
kept in poly propylene bottle for another exploit.

Characterization: Transmission electron microscopy
(TEM), provided particle size ranged from 9.80-12.6 nm as
shown in previous work [1].

Preparation of adsorbate: Stock solution (1000 mg/L)
of Ni(II) was prepared by dissolving NiSO,-6H,0 in deionized
water. Working solutions were prepared by diluting with
deionized water and pH adjustment using 0.1 M HCl and 0.1
M NaOH solution. New prepared working solutions were used
for each trial.

Adsorption method: All investigational tools and glass-
ware were immersed in acid solution [HNO; (10 %v/v)] for
24 h, washed carefully with tap water, then washed with 3-4
portions of deionized water. Subsequently, sorption trials were
performed by mixing of target solutions with nano-bentonite
kept in flask and shacked using thermostated magnetic agitator
for 45 min. The shakeup rapidity (250 rpm) was reserved
invariable for all trials to make certain identical combination.
Subsequent to achievement of certain stirring period, the solu-
tions were discarded at 12000 rpm and the fluid in every vial
was diluted, while residual amount of nickel ions was deter-
mined using atomic absorption spectrophotometer, AAS, (Perkin
Elmer Analyst 300). All experimental details are mentioned
in previous work [1].

Effect of temperature: The Ni(Il) solution (250 mL,
50 mg/L) whiskered with 0.2 g of sorbent for agitation period
of 45 min at different temperatures (293.15, 303.15, 313.15
and 323.15 K) and agitation speed (250 rpm) at atmospheric
pressure. Also, the pH of solution is 6.

Effect of primary concentration: The sorption trials were
performed by shaking 250 mL of investigated metal solutions
(pH 6) with 0.2g of nano-bentonite for agitation period of 45

min. The primary concentrations 10, 20, 30, 40 and 50 mg/L,
temperature (303 K) and shake up rate (250 rpm).

Data analysis: The experimental data were used to
calculate the Ni(II) % removal in accordance with the following
equation:

Removal (%) =

COC C‘ x100 (1)
o

where C, (mg/L) is the initial Ni(II) concentration while C;

(mg/L) is the Ni(II) concentration at time t. The adsorption

capacity, the amount of metal ions adsorbed per mass-unit of

the adsorbent, was determined using the following equations:
(i) The adsorption capacity at time t, q, (mg/g):

(C, =Cr(V
Qr(D)=———"—— @
(i1) The adsorption capacity at equilibrium, q. (mg/g):
(C,-C, )V
Ger =——— 3)

where C. (mg/L) is the equilibrium concentration of metal ions,
m (g) is the mass of adsorbent and V (L) is the volume of
metal solution.

RESULTS AND DISCUSSION

Effect of temperature on Ni(II) concentration: Starting
from the experimental data of Ni(IT) concentration C,1(t) with
time (t) at different fixed temperature T (from 20 to 50)°C
obtained from previous work [1], Fig. 1 showed variation for
each given temperature (T). Note, the experimental data are
obtained according to the following conditions: Ni(II) ions on
top of nano-bentonite (250 rpm, pH = 6, C,= 48.7 mg/L and
0.2 g of sorbent). In the previous work, the equilibrium value
(Ce)exp has been chosen as the last obtained value at final experi-
mental time t; = 45 min (Table-1), since the C-values became
practically constant (Fig. 1).

Contact time influence was studied in the range of 0-90
min using nano-bentonite, it was observed that adsorption
process was extremely rapid firstly and the equilibrium was
accomplished in 45 min. The sorption was incredibly rapid
between 1-30 min, decelerated subsequent to 30 min and
reached balance in 45 min. Additional raise in agitation interval
did not improve Ni(II) removal. The sluggish removal speed
at the final phase may be referred to the complexity faced by
Ni(II) ions to reside in the residual empty vigorous sites and
intra particle diffusion method. This performance of sorption

TABLE-1
Ni(II) CONCENTRATION AT EQUILIBRIUM (C, ;) WITH TEMPERATURE (T) AND OPTIMAL PARAMETERS
VALUES OF EQNS. 4 AND 5 WITH THE CORRESPONDING CORRELATION COEFFICIENT (R)

T (K) Cep(mg/L) t (min) a (mg/L.K) b (mg/L) R a(10°mgK/L) b (mg/L) R
0.0 0.0000 48.700 - 0.0000 48700 -
293.15 12.02 1.0 0.25246 107.39 0.9997 23.914 65.106 0.9998
30315 1018 3.0 0.29672 111.00 0.9993 21.119 70.349 0.9991
5.0 0.29602 110.14 0.9988 27452 71.483 0.9977
31315 2.8 10.0 0.28082 100.37 0.9994 26.560 71.267 0.9980
15.0 0.24121 86.083 0.9989 22.804 69.347 0.9970
39315 7 30.0 0.18097 66.040 0.9996 17.143 45432 0.9997
45.0 0.16012 59.001 0.9998 15.150 39.569 0.9987
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Fig. 1. Variation of Ni(II) concentration C.r(t) with time (from 0 to 45

min) at different given temperature

as a role of agitation time could be clarified according to the
active sites fastening capability, repulsion between already
occupied sites and upcoming species, in addition to the incline
of concentration among adsorbed substance and sorbent
gradually. Comparable result has been documented earlier that
with the extend of agitation period the removal course
decelerated owing to tiredness of dynamic sites with time and
variation in inclination concentration of Ni(Il) ions [19].
However, we can examine the effect of temperature by
plotting C, against temperature (T) at fixed time t, by matrix
transposition of the data table of Fig. 1 to be re-plotted in
Fig. 2a and 2b. We observed that the variation exhibited prac-
tically linear behaviour, both versus temperature T (Fig. 2a)

0 e P ° ® |

40 -

20 7

C, (mg/L) at fixed times (t)

0
290 295 300 305 310 315 320 325

T(K)

and versus the reciprocal of temperature (Fig. 2b) with a
reliable average of correlation coefficient R = 0.99935 and
0.99862, respectively. Through the small difference between
the two R-values, it is concluded that the study of the variation
of C(T) with temperature (T) is probably more suitable than
with (1/T).

Nevertheless, linear regression on the data of Fig. 2 allowed
us to express the variation of the Ni(II) concentration (Cr)
with temperature (T) or with its reciprocal one (1/T) as follows:

Ct,T =-aT+b (4)
or Ca=—o. IT—B (5)

where a, b, o and [ are adjustable positive parameters given
in Table-1 and plotted in Fig. 3a and 3b as a function of time
(©).

It is observed that all these parameters exhibited similar
behaviour through times. In fact, their values both started by a
rapid increase at initial time to reach a maximum value at time
t=4.5 min approximately and then decreased slightly to become
constant at infinite time t.. greater than the final experimental
time t; = 45 min (i.e. horizontal asymptote).

Though, the exponential decrease of C r with time at
different temperature T (Fig. 1) and the non-constancy of
parameter (Fig. 3) at final experimental time t;, suggested that
the true limiting (C.r) occurred at infinite time t.. and not at
final time (t; = 45 min).

So regarding this behaviour, we can suggest exponential
form with time as follows:

Cor()=(Cy—Cople ™ +C 1 (6)

where at given temperature T, C, and C. r are the primary Ni(II)
concentration (48.7 mg/L) and the equilibrium value respec-
tively and fr(t) is the mathematical positive strictly monotone
increasing function on time (t),which starts from time zero
(Fig. 4) at initial time (t = 0).
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Fig. 2. Variation of Ni(II) concentration C,r with temperature (from 20 to 50 °C) at different given times; (a) C.1(T) versus (T) and (b)

Cur(1/T) versus (1/T)



1150 Alakhras et al.

Asian J. Chem.

0.30 120
0.25 (@) 4110
L - 100
0.20 ]
i -1 90
< 0.15 ] -
= —
) 180 3
N €
© 0.10 7
470
0.05 |
- 60
0 L 150
-0.05 | | | | . 40
0 10 20 30 40 t 50

t (min)

30 [ 175
470
65

- 60

o (mg K/L)
(/bw) ¢

5 L | | | | 1 35
0 10 20 30 40 b 50
t (min)

Fig.3. Variation of optimal adjustable parameters of eqns. 4 and 5 with time; (e) the absolute value of slope (a) or (a); (0) the intercept to the
ordinate (b) or (—f3)

ob 1 1 1
0 5 10 15 20 25 30

t (min)
Fig. 4. Variation of the exponent involved in the model of eqn. 6 with time
at different fixed temperature

with the percentage deviation (% dev.) to the adopted experi-
mental value (C..,) according to the previous work [1].

C

Ce,T,cal T e Texp

dev. (%) =100x (7)

e,T,cal

Itis noticed that the deviation is very small and the chosen
value (C..yp) in previous work is reliable. Nevertheless, for
theoretical handling and statistical analysis in modelling, it is
more preferable to use the theatrical limiting value (Ce.a) at
infinite time t...

Moreover, we can preliminarily propose an empirical
equation [fr(t) = A-In(B-t+1)] which can well fit the experi-
mental values of fr(t) and, (A>1) and (B<1) are two positive
adjustable free parameters depending on temperature. In future,
more investigations will be forwarded toward the kinetic part.

For this purpose, we can suggest a limiting “true” value
of some derived properties such as the adsorption capacity at
equilibrium (qe.ca) Which most exhibited the same behaviour
with Ni(Il) concentration C, (Fig. 5) due to mutual linear
dependence expressed by eqn. 2 at time t and by eqn. 3.

It is noted that due to linear dependence, we can give an
expression for qr(t) as follows :

Non-linear regression correlation has given value at limi- _ ~fr (1) 8
. . o . qur(t)=q.p(1—e ") ()
ting concentration value (C.,) which is presented in Table-2 ’ ’
TABLE-2
EXPERIMENTAL AND CALCULATED VALUES AT EQUILIBRIUM (FOR DIFFERENT TEMPERATURES) OF Ni(II)
CONCENTRATION (C,;), THE ADSORPTION CAPACITY (q,;) AND THE EQUILIBRIUM, CONSTANT K°, AND THEIR
CORRESPONDING PERCENTAGE DEVIATION TO THE ADOPTED EXPERIMENTAL VALUES [Ref. 1]

T(X) C. (mg/L) q. (ng/g). K°=q./C.

Exp. Cal. Dev. (%) Exp. Cal. Dev. (%) Exp. Cal. Dev. (%)
293.15 12.02 11.946 -0.61 18.33 18.377 0.26 1.5250 1.5383 0.87246
303.15 10.18 10.500 3.14 18.94 19.100 0.85 1.8605 1.8191 -2.2258
313.15 8.89 8.7202 -1.91 19.90 19.990 0.45 2.2385 2.2924 2.4061
323.15 7.22 7.1003 -1.66 20.74 20.800 0.29 2.8726 2.9294 1.9779
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where fr(t) is the same function defined in eqn. 6 and shown
in Fig. 4. The obtained calculated values (g rca) are presented
in Table-2 with the corresponding percentage deviation (%
Dev.) to the adopted experimental value (qerexp) [1] and
calculated using the following equation (Table-2):
dev. (%) = IOOX—qe’T’Cal qe,T,exp (9)
qe,T,cal

It is concluded that this double temperature (T) and time
(t) dependence on Ni(Il) concentration (C.r) can be guided
to provide an explicit global function of T and t for which
the corresponding parameter becomes an excellent specific
experimental conditions’ indicator with eventual physical
meanings. Also, it could be an interesting comparison between
the obtained parameters’ values for different experimental
conditions.

Thermodynamic parameters-temperature dependence
for the adsorption on Ni(II) onto nano-bentonite at equili-
brium: Through the equilibrium data presented in Table-2 for
Ni(IT) concentration (C.r) and the sorption capability (qer)
at different temperatures, we can deduce the equilibrium cons-
tant (K°r) of adsorption reaction which can be calculated as
follows:

9e,T
Kp=— 10
Cor (10)
where K% is a distribution constant (L/g) at the absolute
temperature T (Table-2) which is applied to calculate the Gibbs
free energy (AG?) using the following expression:

AG$ = — RT In K% (11)

where R is the perfect gas constant. The enthalpy change (AH®)
and entropy change (AS°) can be related to the Gibbs free energy
(AG®r) as a follows:

AG%T = AH® — TAS® (12)

and it can be determined graphically by plotting of (AG°/T)
as a function of reciprocal of temperature (1/T) as shown by
Fig. 6.

-3
Y = MO + M1*x + M2*x"
F MO -271.42
4 M1 1.4632e+05 ]
M2 -1.9875e+07
L R 0.99982
5 . . N
= L Non-linear regression
©
e L
- L
x L |
> O
&
(O]
< L
-7 -
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8 L —— y=-61.309 + 16991x R =0.99379
9 [ | | | |
0.003145 0.00323 0.003315 0.0034
1T (K

Fig. 6. Variation of the ratio (AG°/T =-R In Kr°) for the adsorption reaction
versus the reciprocal absolute temperature (1/T) in the range (293.15
to 323.15) K. The straight line is for linear regression and the curved
line is for the non linear regression (two degree polynomial)

By assuming that the two thermodynamic parameters AH®
and AS° are practically constant and independent of tempe-
rature T, we can determine their values by linear regression
with a correlation coefficient R; = 0.99379. We found AH°
=16.991 kJ mol" and AS°® = 61.309 J K" mol" as shown in
Table-3.

TABLE-3
THERMODYNAMIC PARAMETERS FOR THE ADSORPTION
OF Ni(II) ONTO NANO-BENTONITE OBTAINED BY LINEAR
AND NON-LINEAR REGRESSION AND THE RATIO T,(T) =
AH®(T)/AS*(T) (K) IN DIFFERENT TEMPERATURES

AG® AH° AS°

T®) (kJ/mol) (kJ/mol) (J/mol.K) T &
293.15 -1.0497 10.724 40.162 267.01
303.15 -1.5081 15.197 55.105 275.78
313.15 -2.1600 19.384 68.798 281.75
323.15 -2.8878 23.312 81.077 287.53
Mean value 17.154 61.285
Standard deviation 5.4183 17.631
Value with linear regression 16.991 61.309
Deviation to non-linear regression (%) -0.95 % 0.04 %

Influence of temperature was investigated between 20-50
°C for Ni(Il) removal on top of nano-bentonite. It showed
a temperature dependent performance. Sorption records style
indicated that elimination enhanced with temperature, which
is an indication of endothermic adsorption process onto nano-
bentonite, improved speed of adsorbate diffusion through the
exterior border level to the holes of the sorbent molecules
because liquid stickiness decreased with temperature.
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The positive value of enthalpy change (AH®) suggested
the endothermic nature of adsorption [1,20]. The entropy change
(AS°®) value resembled to a progress in arbitrariness at the
adsorbent—fluid boundary and may be substantial changes
taken place in the interior arrangement of the sorbent via the
sorption of Ni(Il) ions on nano-bentonite [1,21,22].

The mathematical value of (AG®) declined with the tempe-
rature showing that the reaction is spontaneous and more
favourable at higher temperature. One possible explanation
of endothermicity of heats of adsorption is that the metal ions
are well solvated. In order to the metal ions got adsorbed, they
have to lose part of their hydration sheath [23].

Nevertheless, regarding the non low values of the standard
deviation related to AH® and AS° (Table-3), we reinvestigate
the variation of AG®°/T by nonlinear regression and consider
that AH® and AS® vary slightly with temperature (T) for which
we can fit (AG°/T) in a two degree polynomial on (1/T) with a
reliable correlation coefficient R, = 0.99982 (Fig. 6) which is
greater than R, obtained by linear regression.

From the obtained values of polynomial coefficient (Fig. 6)
we can determinate values of AH®(T) and AS°(T) at each tempe-
rature (T) using the following thermodynamic expressions at
constant pressure (P):

o [A(AGO/T)
At (T)_( a(1/T) JP (13)
. aAG%]
AS°(T) =
™ ( AT) ), (14)

It is observed that there is net variation with temperature
around a mean value of 17.164 kJ mol™ and 61.285 J K™ mol
(Table-3, Fig. 7) for AH°(T) and AS°(T), respectively with the
large standard deviation especially for the entropy change
AS°(T). Likewise, we observe that these mean values are very
close to AH® and AS° values obtained by linear regression
approximation (Table-3).

24 90
22
i 80
20 - 1
= | [
ST 470 =
g 18- 13
2 [ , <
£ 16 - : ;}
5 [ ) e Q_'.
14 1
i - 50
12 -
10 L 1 1 1 1 1 1 ] 40
290 295 300 305 310 315 320 325
T(K)

Fig. 7. Variation of the thermodynamic parameters for the adsorption of Ni(II)
onto nano-bentonite obtained by linear and non-linear regression,
as a function of temperature; () AH°(T) and (0) AS°(T)

In addition, Fig. 7 showed a clear similar behaviour of
AH°(T) and AS°(T) against temperature (i.e. increasing and
convexity of the curative). This ascertainment indicated about
elimination of the variable temperature and the inspection of
the variation of AH°(T) versus AS°(T).

Fig. 8 showed an interesting linear dependence between
the two parameters AH°(T) and AS°(T) with a good correlation
coefficient R =(0.99989 and which can be expressed as follows:

AH°(T) = T,[AS°(T) — AS?|] (15)
where Ty = 307.29 K (i.e. 34.14 °C) is probably an optimal
working temperature and (AS®) is the limiting entropy change
for which the phenomenon start to be non-endothermic (AS°

= 5.461J.K".mol") where the system doesn’t require energy
(i.e. AH°=0).

24

AH(T) (kJ mol ™)

10 | | | |
40 50 60 70 80 90

AS(T) (J K mol™)

Fig. 8. Mutual correlation between the two thermodynamic parameters for
the adsorption of Ni(II) onto nano-bentonite: AH°(T) versus AS°(T)

It is noted that the Ty-value is specific for each experi-
mental condition and can be a good interesting criterion for
discussion and interpretation when it is linked with different
parameters set of experimental conditions.

However, considering the partial derivatives functions of
Maxwell equations and the Gibbs free energy expression
(eqn. 11), we can consider that (T,) can be calculated using
the following equation at constant pressure even when the
dependence between AH°(T) and AS°(T) is non linear.

Jd(AH®) | T
a(ASO) o 0 (16)
On the other hand, to find a single model expressing
AH°(T) and AS°(T) with absolute temperature, we have also

plotted the ratio AH°(T)/AS°(T) (Fig. 9) which is equivalent
to a temperature and denoted by (T,).

_ AHY(T)
AS°(T)

T.(T) (17)
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Fig. 9. Variation of the ratio T(T) = AH°(T)/AS°(T) (K) versus temperature
in the studied range (293.15 to 323.15) K

Given the quality of regression is equal (R =0.99927) indi-
cated into Fig. 9 we can be satisfied with the second degree of poly-
nomial and no more. Then, we can suggest the following expression:
(T-T)(T-T,)

Ty
where T, T» and T are adjustable parameters equivalent to
temperature, we obtain (T, = 154.93 K, T, =551.72 K and T;
= 133.78 K) for the studied system at conditions above
mentioned. In fact, the coefficient values are dependent on
experimental condition and can be interesting parameters for
discussion and interpretations when we display a set of data at
different temperatures T for different experimental conditions.

Combining eqns. 15 and 17 we can give an explicit expre-
ssion of the thermodynamic parameters, specific to the experi-
mental condition indicated in previous work [ 1] and in experi-
mental section:

T.(T)= (18)

o Ty T(T)-AS?
AH(T) =TLoTT) (19)
o _ TOAS;)
ASY(T) = —To “T.(T) (20)
T, [T.(T)- T]AS?
AG(T) = o[ T,(D - TIAS, 21)

T, - T.(T)

It is noted that all these thermodynamic quantities con-
served their sign in the whole studied temperature range because
[T(T)<T], [T(T)<To] and T(T) reached its maximum value
(Trmax =294.22 K) at T = 353.33 K. We added that T(T) value
is somehow an indicator or criterion of the conflict order-
disorder in microscopic scale.

Table-4 summarized possible additional conclusions or
interpretations which can be deduced from this new concept
of temperature-dependence of thermodynamic functions such
as AG°(T), AH°(T) and AS°(T).

In addition, this new exploration of slight variation of
thermodynamic parameters with temperature might open a
field of new deep interpretation of the mechanism of the studied
processes. Also, the variation of the parameters values from
an experiment to another or, from a condition to another can
reveal an interesting novel criterion or diagnostic factor, very
excellent for discussion, comparison or prediction.

Concentration-temperature dependence for the adsor-
ption on Ni(II) onto nano-bentonite at equilibrium: The
variation at equilibrium of the Ni(II) concentration (C.r) and
the sorption ability (ger) with temperature (T) is shown in
Fig. 10.

The strictly monotonous variation and feeble curvature
can lead us to fit these quantities with only a second degree
polynomial with a same reliable correlation coefficient R =
0.99954) in the studied range of temperature (from 293.15 to
323.15 K) which can be expressed as follows:

Qer=0lo. 0T L 0l T (22)
Cer=Bo+BiT .. T (23)

TABLE-4
SUMMARY OF THERMODYNAMIC PARAMETERS BEHAVIOUR WITH TEMPERATURE

Character Interpretation

AG®

Decreasing negative values

The reaction is spontaneous and more favourable at higher temperature. The equilibrium of
spontaneous and feasible process is moved to more removal. Also higher temperature to be
favourable for the Ni(II) adsorption. Also confirmed the adsorption process to be physical. The
values for physical adsorption lies between -20 and O kJ/mol which is smaller than that of
chemical adsorption ranged from -80 to -400 kJ/mol [Ref. 24].

Linear regression approximation

Persistent positive values

The adsorption is endothermic.

AS°

Perpetual positive values

An increase in randomness at the solid—liquid interface and maybe significant changes occur in
the internal structure of the adsorbent through the adsorption of Ni(II) ions on nano-bentonite.

Non linear Regression

AH®

Growing positive values

The adsorption is endothermic. The metal ions are well solvated. In order for the metal ions to be
adsorbed, they have to lose part of their hydration sheath.

AS°

Intensification positive
values

An increase in randomness at the solid-liquid interface and maybe significant changes occur in
the internal structure of the adsorbent through the adsorption of Ni(II) ions on nano-bentonite.
The temperature accentuates this microscopic disorder. Also reflect favourable condition for the
removal of Ni(Il) from synthetic solutions.
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Fig. 10. Variation at equilibrium of Ni(II) concentration (C. 1) and the adsor-
ption capacity (qer) against temperature; (®): C.r and (0): qer

where o; and [3; are optimal adjustable parameters charac-
terizing the used experimental conditions and also are affected
by studied temperature interval. More, the relationship between
C.r and g.r in eqn. 3 imposed the following experimental
conditions:

m
By =Co _Vao (24)

and fori=1 and 2, we have

Bi = _%0‘1 (25)

The suggested empirical eqns. 22 and 23 are useful for
some experimental data investigation, prediction and estima-
tion magnitudes for other temperatures not far away from the
studied temperature range.

Nevertheless, for more large temperature interval, we must
use different expression which should be more adequate. In
fact, regarding the continue decrease of (C.r) and the increase
of (q.r) against temperature (T), we can expect that the limiting
theoretical value of (Cer1)im = 0 and (ge1)im = CoV/m at finite
high temperature value or firmly at infinite temperature.

So, C(T) and q.(T) functions must exhibit an horizontal
asymptotes at very high temperature and we must take this
fact into consideration in eventual suggested semi-empirical
models which need more experimental data points in more
large domain of temperature.

Going to equilibrium constant K%, we perceive that it
can be simply expressed by a second degree polynomial with
temperature (T) in the studied range with a good correlation
coefficient R = 0.99998 (Fig. 11).

Nevertheless, for larger domain of temperature, we must
take into consideration the precedent boundary conditions
which require that the KT function exhibit an oblique asymptote
at high temperature.

The eqns. 3 and 10 leads us to express K°r with only one
variable (qer or Ccr), as follows:

T(K)
Fig. 11. Variation of the equilibrium constant K°r with temperature at
atmospheric pressure

KO = Ve r o6
=
CO V- m.qe’T ( )
KO = (Cy-C.p)V
T= 7 27
or m’Ce,T 27)

Regarding the strictly monotone increasing feature for
the logarithm function and the equation 11, we expect that the
reliable suggested expression of the free Gibbs energy AG’:
must exhibit also an oblique asymptote for large domain of
temperature use.

We add that this expected oblique asymptote at high
temperature has a straight line’s equation which can be expre-
ssed as follows:

vV(C
o . = — —O»T — 1
T lim m [ u j (28)
where
“tim,,_| 2Cor)
M Te| 7 (1/T) . 29)

Inspecting eqns. 11, 12, 15-21, we can write a semi
empirical interesting equation as follow:

Vi T
Ko, =—|— -1
T,lim m[ J (30)

lim
where Tin is a limiting temperature in relationship To, Trim
and AS°. In absence of data we can use T, as an initial value
of Tum for the estimation and prediction by theoretical
computing.

It is concluded that this concentration-temperature
dependence of the adsorption at equilibrium can also permit
comparison between some similar experimental results realized
at different temperatures. In addition, it can offer a kind of
implicit dependence on temperature of different parameters
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used in various useful isotherm models describing adsorption
[25].

Comparison of the highest capability of different
sorbents for Ni(II): The removal power of nano-bentonite and
other some sorbent materials for exclusion of Ni(II) presented
in literature [26-34] are given in Table-5. It is noted that the
sorption ability of nano-bentonite in the direction of Ni(Il) is
similar or even superior than another existing sorbents.

TABLE-5
COMPARISON OF MAXIMUM ADSORPTION
CAPACITY (q,,,) OF NANO-BENTONITE AND
OTHER ADSORBENTS FOR Ni(II) IONS REMOVAL

Adsorbent (s Ref.
Clainedbofebentonite 3.047 [26]
Khulays activated bentonite 47.62 [27]
Chitosan immobilized on bentonite 6.1 [28]
Npp-modified bentonite 30.30 [29]
Naturalclay 1.17 [30]
Na-bentonite 24.2
Ca-bentonite. 6.3 [31]
Washed bentonite 20
Cleaned bentonite 22 [32]
ZrO-montmorillonite 10.45
TBA-montmorillonite 8.50 [33]
Na-montomorillonite 7.31
Peat moss 32.894 (65 °C) [34]

Nano-bentonite 39.06 Present study

Conclusion

Nano-bentonite was used in previous work [1] as a sorbent
to getrid of nickel ions from aqueous fluids. Outcome revealed
that the optimal parameters for the subtraction of nickel ions
are primary amount 100 mg/L, sorbent dosage 0.5 g and pH 6.
Nano-bentonite removed nickel with utmost removal capability
of 39.06 mg/g (303.15 K, pH 6). Thermodynamic data
designated that sorption process is natural and of an endother-
mic character.

In the present work we have developed primary and
secondary models to illustrate the effect of temperature (from
293.15 to 323.15 K) on sorption of Ni(Il) on nano-bentonite.
The proposed models can be integrated to estimate some prac-
tical specific parameters values for different experimental
conditions and can lead to interesting additional interpretations.

In the primary modelling, we have proposed an expo-
nential model on time and linear with absolute temperature to
fit the influence of temperature on Ni(Il) concentration, the
removal capacity and the thermodynamic variables of Ni(II)
adsorption on nano-bentonite adsorbent.

The secondary modelling is performed through the thermo-
dynamic investigation. We have supposed that the thermo-
dynamic parameters vary slightly with temperature. This original
study leads to estimate the variation at equilibrium of Ni(II)
concentration (C.t) and the removal capability (q.r) against
temperature (T).

The suggested semi-empirical equations will permit more
interpretation of the studied phenomenon and can lead to
predict or estimate some quantities when other are available
in literature, or estimate different properties values when para-
meters of experimental conditions are modified. In addition,

the determination of new values of adjustable parameters
related to other materials or other experimental conditions can
make these parameters an interesting criterion of discussion
and prediction. Furthermore, any find of eventual causal corre-
lation between the adjustable parameters can generate future
interesting theoretical novel concepts or more expanded existing
theories. Moreover, this novel investigation could be patterned
by the practice of these suggested equations to be readjusted
to other experimental conditions, with specific interpretation
of the new obtained free adjustable equations’ parameters.
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