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Studies on adsorptive behavior of Cd** on graphene oxide:
Alternative novel approach

Abstract

Certain adsorptive mechanisms and interactions often exist within linearized kinetic
functions which are largely unreported. A novel inverse saturation modeling was applied to
evaluate the adsorptive behavior of super-saturation, saturation, and desorptive processes on
linear kinetic function plots using pseudo 1% order, pseudo 2™ order, Elovich and Intra-
particle diffusion. Graphene oxide was prepared by room temperature synthesis and used as
adsorbent over Cd*" adsorbate. Batch adsorption process was conducted and four error
functions were utilized. The sum of squares of the errors and Sum of absolute errors
identified pseudo 2" order as having the least deviation at 0.113 and 0.337 respectively. The
modelled pseudo 1st order reaction had R* = 0.985 while the inverse saturation model had R*
value of 0.998, both been a better data fit than non-modelled pseudo 1st order R at 0.917.
The slower reaction kinetics in pseudo 1* order was due to super-saturation during adsorption
as shown by inverse saturation point. The correlation coefficient of modeled kinetic plot of
pseudo 2" order, Intra particle diffusion and Elovich had R’ = 1. The Elovich inverse
saturation plot showed that the graph was an L-isotherm type indicating progressive
saturation. The rate determining step experienced by Intra-particle diffusion was
accommodated by wide range of inverse saturation plots showing adsorption, supersaturation
and desorption as points of greatest influence. The inverse saturation plot of pseudo 2" order
plot had absolute slope of 2.656 and large intercept of 24.815 driving it's faster reaction
kinetics. Hence, the inverse saturation point modelling provided a much better interpretation

of adsorptive behavior of graphene oxide adsorbent over Cd** adsorbate.
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1.0 Introduction

Understanding the adsorptivity of graphene oxide (GO) has provided practical applications to
adsorptive phenomena. In GO, for Instance, the precursor size affects energy performance
ability, while synthesis affects structures and sorption surface area [1, 2]. As a substrate for
array of chemical transformations; GO can be synthesized into graphene sheets, layered
graphene oxide and sponge-like graphene oxide. In addition, several other synthetic routes
are on the increase [3.,4]. Brodie and Hummers have been reported severally as the common
methods of GO preparation [5]. Researchers, however, has continued to explore improved
and modified Hummers method for GO synthesis alongside microwave assisted approach [6,
7, 8]. Remarkably, scaling up of GO and production of high purity GO was achieved by cell
dialysis and dead-end filtration. Additionally, efficacy of the oxidation process was obtained
by removing NaNOs from Hummers approach, while increasing the amount of KMnOj, to
yield hydrophilic oxidized graphene oxide [9, 10]. Recent advances in GO studies, have
shown that graphene oxide can remove organic and inorganic toxic pollutants from
wastewater by means of adsorption [11, 12]. Interestingly, the application of GO for removal
of heavy metals (Cu2+, Co*", cd*', zn**, Ni** Pb2+) has been extensively studied and are well
reported [13, 14]. Similarly, ultrasonic assisted adsorption of Cd, Pb, Cu and Ni by 2, 2-
dipyridylamine modified GO with silica composites has been studied. The result showed GO
effective performance as adsorbent for Cd, Cr, Pb, Zn and Ni removal from aqueous solutions
[14, 15]. Furthermore, metal adsorption by GO can be improved because they basal planes
and edges of GO encloses modifiable functional groups (epoxide, hydroxyl, carbonyl ad
carboxyl). These functional groups can then be adapted for specific metal adsorbate (Cd, Pb
and Cu) and the GO absorbent [16]. As a consequence, certain mechanism and interactions

could also be driving kinetic steps towards other hidden non-linearized adsorptive behavior.

Cadmium (Cd*") is a heavy metal, which when accumulated in the human body has a high
toxicity potential and longer exposure duration [17]. On the other hand, GO adsorbents in the
form of modified carbon and other carbonized materials have effectively adsorbed Cd*" metal
[18, 19, 20, 21]. Hence, graphene oxide sorption studies are significant in determining

adsorption behavior of the improved adsorbent and target metal adsorbate [21, 22, 23, 24].

However, these studies were often evaluated using pH, ionic strength and dosage amount

plotted on a linearized kinetic function. These linearized kinetic functions are limited by
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inability to predict non-compliant data and graphs as adsorptive behavior. Thus certain other
mechanism and interactions could also be driving kinetic steps and may have been
unreported. Moreover, the understanding of such unique behavior would be advantageous
towards the sorptive behavior of materials in industrial applications. Hence a study was
designed to predict these unreported adsorptive behaviors such as super-saturation point,
saturation point, adsorptive and desorptive ranges during sorption process using inverse
saturation point modeling. The model was compared to linear kinetic isotherms in order to
identify the best adsorbate absorptive behavior of Cd*". The scope of the work was limited to

physical characterization using atomic absorption spectroscopy.

2. Materials and Method

Analytical grade reagents of H,SO4, NaNOs, H,O, of 99% purity and graphite flake were
obtained from a standard laboratory. Double distilled water was prepared and utilized in all
aqueous solution preparations. All experiments were carried out using 250, 500 and 1000 mL
airtight Erlenmeyer flask. The Concentrations were diluted with 0.1 M HCl and 0.1 M NaOH.

All experiments were run in triplicates and average values were reported as batch readings.

2.1. Preparation of Graphene Oxide

Using previously reported preparation, graphite flake of about 1.5 g was slowly introduced
into a 250 ml Erlenmeyer flask having 69 mL of H,SO,4 that was charged with a magnetic
stirring bar. The reaction (solution) was maintained at 0 - 5 °C using ice bath immersion until
a black slurry (viscous) of graphite powder was formed. The slurry mixture was kept below 3
OC and 1.5 g of NaNOs was slowly added over a period of 20 minutes. The mixture was then
allowed to equilibrate at room temperature and continuously stirred further for 1 hr. About
120 mL of the double distilled water was added during which 30 minutes stirring was
performed until the temperature reached 90 °C. Then the reaction mixture was poured into a
1000 mL flask containing 300 mL of double-distilled water. Then 10 mL of H,O, was slowly
added and immediate colour change of the solution from dark-brown to yellow was observed.
Using a 0.22um filter membrane, the solution was filtered and re-washed severally in water
until a neutral pH of 7.0 was obtained. The soluble GO obtained was dried and placed in a
desiccator for 24 hours at room temperature and kept stored in ambient environment [21, 22,

23, 24].
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2.2 Batch adsorption studies of Cd**

Batch adsorption of Cd*" onto the GO was carried out in a 250 mL airtight Erlenmeyer flask
containing 20 mL of known concentration (15 ppm) of the solution and an accurately
weighed amount of the adsorbent. The reaction mixture in the flask was agitated by magnetic
shaker at a constant speed of 150 rpm for 10 mins. The mixture was centrifuged at 10,000
rpm at room temperature (298K) and pH (6.5). The effect of contact time (10, 20, 40, 60,
80,120, 150, 180 min) and adsorbent dosages (10, 20, 30, 40, 50, 60, 80 100 mg) were
evaluated. The flask containing the samples were retrieved from the shaker at the
predetermined time intervals, filtered and the final concentrations of Cd®" in the clear

solutions determined using Atomic Adsorption Spectrometer [14, 18].

The Cd (II) ion adsorption capacity at time t (qt), in mg/g, was calculated using equation 1
below

qt = [(Co—=Ct)] X V/W iiei e e e e v v e e 1
Where Co (mg/L) is the initial Cd (II) ion concentration, Ct (mg/L) the Cd (II) ion

concentration at time t, W (g) the adsorbent mass and V(L) the volume of Cd (II) ion solution.

2.3 Kinetic Isotherm Modeling

The design of efficient adsorption processes requires equilibrium adsorption data for kinetic
isotherm modeling. The adsorptive behavior of Cd*" over GO was modeled using Pseudo 1*

order, Pseudo 2" order, and Elovich and intra-particle diffusion as shown in table 1.

Table 1: linear forms of pseudo 1* order, pseudo 2" order, Elovich and Intra-particle
diffusion
KINETIC MODEL LINEARIZED FORM PLOTS SLOPES INTERCEPT
Pseudo-1% order log(ge — qt) = log(qe) Log (qe-qt) vs t _ K1 log(ge)
kit 2.303
~ 2.303
Pseudo-2"" order t 1 1t t 1 1
—= +— — vst - -
qt kqe2 qe qt qe qe
Intra-Particle diffusion qt = Kdt?* + ¢ qt vs t1/? K, I
i 1 1 1 1
Elovich gt = Eln(aﬁ) + Eln ® qt vs In (¢) 5 L ingap)
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The obtained data were fitted into their linear functions. The equation generated from the
modeled data was further used to determine their kinetic parameters and inverse saturation

points respectively.

2.4 Inverse saturation point modeling (P)

For the first time, inverse saturation point on adsorptive experiment was utilized. The
obtained linear kinetic isotherm equations were used to determine the predicted values at
selected extended time for pseudo 1% order, pseudo 2" order, Intra-particle diffusion and
Elovich function. Then the values obtained were used to calculate the inverse saturation point
of each of the kinetic isotherm function respectively. To obtain the inverse saturation point,
arbitrary extension of experimental time (x) was chosen to be 200, 250, 300, 350 and 400
minutes for each kinetic function respectively. so that x = 200, 250, 300, 350 and 400
minutes. The values of x were now substituted into the linear model equation to obtain y
values respectively. The calculated % fraction of a preceding and succeeding y value gives

the inverse saturation percentage.

2.5 Error Analyses

Four error functions (SSE, SAE, MPSED, HYBRID) were utilized to evaluate the suitability
of each kinetic isotherm equation to the experimental data sets and modeled data sets [25, 26,

27, 28] as described in table 2 below.

Table 2: Error functions with definition and formula

ERROR FUNCTION DEFINITION FORMULA
Sum of the squares SSE is the error function that increases | SSE =Y.(qc — qe)?2
of the errors (SSE) as the concentration increases
Sum of Absolute errors (SAE) SAE is the error function that identifies P
the difference between predicted and Z lge — qcli

i=1
observed value for regression.

Marquardt’s Percent standard | MPSED is the error function that sfeeee
aeac),
deviation (MPSED) allows for the number of degrees of | MPSD = |—I=—

freedom of the system.

The Hybrid fractional error function | HYBRID error functions is an | gyBRID = ~— ¥ [qe—qc] 100
N-P qe
(HYBRID) improved SSE that considers lower

concentration with included divisor

3.0 Results and Discussions
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3.1 Kinetic Isotherm

The linearized kinetic graphs were plotted as seen in figure 1. The visual inspection of their
residual plots using Origin software showed no definite pattern or trend; an indication of a
good kinetic fitting. The figure depicted that only the dependent variable (y value) of pseudo
2" order was increasing as time increased. This indicated a positive Cd*" absorption
interaction. While the Pseudo 2™ order, Elovich function and intra-particle diffusion rates
were decreasing as time increased. Moreover, the applicability of pseudo 2" order reaction
provided a better experimental and calculated fit for the data when compared with pseudo 1%
order as indicated by R? (0.995). On the other hand, the concentration of Cd*" adsorbed,
shown by ge calculated in pseudo 1** order (see table 3) was significantly larger than pseudo
2" order (281.19 > 0.388 mg/g), likewise their initial adsorption rates (0.388 > 0.040 mg/g).
However, the pseudo 1% order absorption constant (K;) was considerably low at 0.012 g.mg™.
Additionally, the adsorption rate constant of pseudo 2™ order at 0.283 g.mg'min”' showed a

faster reaction kinetics.

Figure 1: linearized graphs of kinetic isotherms
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The Intra-particle diffusion and Elovich appear saturated when t'? was 9 and dt were 4.4

(equivalent of 80 mins) respectively and with similar R® values. Again, the correlation

coefficient of Elovich and Intra-particle diffusion was lower than pseudo 1% and 2" order R?

functions although their plots did not pass through the origin

Table 3 The kinetic isotherm constants for adsorption of Cd*" on GO with error deviations.

Pseudo 1% order

Pseudo 2" Order

Intra-particle diffusion

Elovich
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qe (exp) (mg/g) | 0388 | H(mg.g'min™) [ 0.040 [ - -
K, (g.mg™) 0.012 | K; (z2mg'min™) | 0.283 | Kiq (mg/g/min) | -0.034 | a (mg.gmg™) | 0.184
qe (cal) (mg/g) | 281.19 | ge (cal) (mg/g) 0.377 | C (mg/g) 0.800 | B (gmin™) 7.874
R’ 0917 | R? 0.995 | R? 0.839 | R? 0.886
SSE 7.8 X 10M 0.113 0.695 59.136
SAE 280.80 0.337 0.766 7.69
MPSED | 361.85 4213 10.075 0.436
HYBRID | 1.8 X 1074 168.5 16.68 19.532

Moreover, Intra-particle diffusion intercept C (0.800 mg/g) was at low value (< 1), which
showed that different rate determining steps were involved in the adsorption process.
Similarly, the small a value of Elovich (0.184) confirmed a slow initial adsorption process,
while the § value showed that 0.13g (i.e. 7.874g/60 min) would desorb in a second indicating
a faster desorption process. These unseen "hidden" different rate-determining step in Intra-
particle diffusion, faster desorption kinetics in Elovich and faster reaction kinetics in pseudo
2" order, and slower kinetics in pseudo 1% order are never visualized in linearized models but

interestingly was detected by our model as seen in figure 2 and section 3.2.

The statistical error functions can be indicative of good isotherm models when applied to
kinetic studies. In the experiment, the pseudo 2" order gave the least deviation in SSE and
SAE error functions; a good agreement with its correlation coefficient. The error functions of
pseudo 1% order were generally high. This indicated high variations of data obtained. It
confirmed the disparity between ge calculated and ge experimental in pseudo 1% order and its
unfitness to describe the process as compared to pseudo 2" order kinetics. Generally, the
Elovich and Intra-particle diffusion had low values for all their studied kinetic error
functions. However, MPSED showed only Elovich provided a better fit for data while
HYBRID, SSE and SAE suggested Intra-particle diffusion provided acceptable deviations.
Hence, the result proposes the suitability of data in the following order: pseudo 2™ order >

intra-particle diffusion > Elovich > pseudo 1 order.

3.2. Kinetic Inverse Saturation Point modeling

The results of inverse saturation point determination for pseudo 1% order and pseudo 2™ order
experimental data are shown in table 4 while Elovich and Intra-particle diffusion is depicted

in table 5. Observation of the two tables showed that only pseudo 2™ order reaction had a
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positive slope of 2.656 while the other three functions had a negative slope.

X Value: The extended time values which are the independent variable ranged from 200 to
400 for pseudo 1% order and pseudo 2™ order reaction. While the same values were converted
to (tl/ 2) in intra-particle diffusion and (In t) in Elovich function equivalently. The range was
selected to cover longer duration of experimental runs. Which can be seen in section 2.2 as
effective contact time.

Y Value: The y value represents the dependent variable which is the amount adsorbed per
unit time. The values of pseudo 1* order adsorbed ranged from 0.459 to 1.429 compared to
pseudo 2™ order ranging from 506 to 1037. However, the amount adsorbed decreases in
pseudo 1% order but increased in pseudo 2™ order correlating their previous behavior in

section 3.1 as having negative and positive energetic interaction respectively.

Table 4: Inverse saturation point evaluation of pseudo 1% and 2™ order function

Pseudo 1% order: y = -0.0051x + 2.4499 (linear | Pseudo 2" Order: y=2.6561x -24.8153  (linear model)
model)

Time y value P (%) Time (Mins)(x) y value P (%)
(mins)(x)

200 1.429 121.6 200 506.4047 79.2

250 1.175 127.8 250 639.2097 82.8

300 0.919 138.2 300 772.0147 85.3

350 0.665 144.8 350 904.8197 87.2

400 0.459 400 1037.6247

The amount adsorbed as shown in Elovich function and intra-particle diffusion decreased as

their time increases. However, the values had negative results which showed that some kind

of interaction may be competing with their kinetics. This interference was clearly seen when
the graph was plotted in figure 2.
Table 5: Inverse Saturation point evaluation of Intra-particle diffusion and Elovich
Intra-Particle diffusion: y = -0.0341x + 0.8009 (linear | Elovich: y =-0.12736x + 1.0292
model)
Time y value P (%) Time (qt)(x) y value P (%)
(@t)(x)
15 0.2894 243.4 15 -0.8803 58.1
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20 0.1189 -230.4 20 -1.5168 70.4
25 -0.0516 232 25 -2.1533 71.2
30 -0.2221 56.57 30 -2.7898 81.4
35 -0.3926 35 -3.4263

P value: The P value represents the inverse saturation points for each function and the graph

was plotted in figure 2. The modelled pseudo 1* order reaction showed that the kinetic plot

was linear with R? value of 0.985 while the inverse saturation model had R? value of 0.998.

This depicted that our modeled pseudo 1% order produced a better experimental fit for data

(compared to non-modeled at 0.917). This can be seen in figure. 1. above. while the inverse

saturation point model produced a much better R* at 0.998 than both modeled and non-

modeled data [26].

Figure 2: modeled kinetic plot and inverse saturation model
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Additionally, the slower reaction kinetics of pseudo 1° order can be seen from the slope
with absolute value of 0.0049. however, pseudo 1 order experienced super saturation since y
value was greater than 100% and increased geometrically. Hence it would be suggested that
this super saturation slowed down the adsorption kinetic process, hence a small absolute
slope of 0.0049 and small intercept of 2.399. Therefore, our inverse saturation model
produced a better result interpretation than normal kinetic function plots and allows
researchers to make a well informed decision [26]. Similarly, analogous improvement in
determining cadmium ions at low concentrations was observed using magnetic graphene
nano-particles to adsorb cadmium ions. The method gave good precision and accuracy, rapid

adsorption rates for the target analytes and high pre-concentration factor [28].

11
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The pseudo 2nd order reaction kinetic data as obtained was modelled as also seen in figure
2. The R? of modelled kinetic plot was 1, depicting a perfect fit while the inverse saturation
plot was at 0.969. Thus, the modelled kinetic plot (R* = 1) provided a perfect fit for acquired
data points than normal kinetic plots (0.995) but showed no significant difference between
the R? of inverse saturation point at 0.969. Moreover, its faster reaction kinetics when
compared to pseudo 1st order reaction was shown by absolute slope of 2.656 and intercept of
24.815. Similarly, previous researchers have also shown that using graphene oxide as
adsorbent for Cd*" ions indicated pseudo-2nd order as the better fitting model for cadmium
adsorption over graphene oxide derivate(s); a correlation with our study results [29, 30].

On the order hand, pseudo 2™ order did not experience any super-saturation, since y values
were below 100%. However, it increased geometrically from 79.2 to 87.2 and the curvature
of the graph also indicated that it may eventually reach saturation at 100% and curve
downwards. A concave shape of L-isotherm type showing a progressive saturation of the
solid [1, 26]. Hence it would be concluded that inverse model gave a better data fit and
interpretation than normal kinetic plots.

Interestingly in section 3.1, it was identified from the intercept value of Intra-particle
diffusion (0.800 mg/g < 1) that a rate-determining step was involved. Observation in figure 2
revealed an obstructed adsorption kinetic process when t = 25 and 27.5 respectively. The
result indicated that these two points had the greatest influence on the reaction, hence the
correlation between the rate determining step and earlier prediction of normal kinetic plots.
on the contrary, the modelled kinetic plot had an R* perfect at 1 while the R* of modelled
inverse saturation plot was negative at -0.438. This confirmed that our modelled kinetic plot
provided a better experimental data fit than normal kinetic plot of R* = 0.839 in table 3. while
the negative R* of modelled inverse saturation showed the sensitivity of inverse saturation
plot to absorptive behavior such as were several rate determining steps are involved. This is
known as S isotherm; a sigmoidal behavior involving two opposing mechanisms [1, 31].
Then again, the y values of intra-particle diffusion showed a wide range of absorptive
behaviors exhibited. When y = 243.4 there was super saturation, when y was - 230.4 the
process had desorption while adsorption occurred at 23.2 and 56.57. This behavior was
confirmed by a negative slope of -6.1378 and large intercept at 161.293. Therefore, it was
predicted that both adsorption, desorption and super saturation occurred in inter-particle
diffusion, and seen in normal kinetics as rate determining step. This behavior is analogous to
fluorescence quenching in some materials [1, 32]. Thus our model gave a better adsorptive

behavior and perfect experimental fit for data plots.

12
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The Elovich function also experienced faster desorption kinetics as explained in section 3.1.
This can be seen in the decrease of its y value from -0.8803 to -3.4263. The graph would be
seen been linear in figure 2. The graph had a negative slope of -0.1273 and small intercept of
1.029 depicting negative relationship (desorption) and small differences in desorbed amount.
The plotted y value against x in figure 2 showed that a perfect correlation coefficient (R* = 1)
was obtained while the modeled inverse saturation point with R* of 0.919. Thus both our
modeled kinetic graph and modelled inverse saturation graph provided a better correlation
coefficient than normal kinetic plot (R* = 0.886). On the contrary, the P value showed that
only adsorption occurred and did not experience any super-saturation nor desorption.
however, since y values were increasing geometrically towards 100%, the curvature of the
graph suggests that it may eventually reach saturation and curve downwards as seen in
pseudo 2nd order reaction. This idea was supported by its slope of 1.532 and large intercept
of 37.26, suggesting faster reaction kinetics. It takes a concave shape of L-isotherm type
showing a progressive saturation of the solid. [1, 32] Thus it was identified that our modeled
kinetic graph gave a better data fit and interpreted the desorptive behavior. Albeit, the inverse

saturation point may experience desorption at some point.

4.0 CONCLUSION

There is the ever increasing need to remove toxic levels of Cd** from the environment
using adsorbent materials such as graphene oxide [33, 34, 35]. The application of
Graphene oxide as adsorbent in this study for removal of Cd*" was successful using batch
adsorption process. The Correlation coefficient R? of pseudo 2™ order demonstrated the
best fit among the other kinetic functions. The modelled kinetic function gave a near
perfect fit for all kinetic functions. The inverse saturation modelling identified the
adsorptive behavior of graphene oxide over Cd*" Hence, it demonstrated that adsorption
process could quickly experience super-saturation, desorption and adsorption; analogous
to fluorescence quenching at different times in same experiment. This may occur due to
some order adsorptive mechanism, interactions or factors which linearized functions are
unable to detect and researchers do not report. Hence, it is recommended that the
application of inverse saturation point evaluation for the determination of adsorbate
behavior over the adsorbent in aqueous solutions be determined and reported alongside

kinetic models.

13
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