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. The current status of silver nanoparticles (AgNPs) in the water environment in Malaysia was examined

. and reported. For inspection, two rivers and two sewage treatment plants (STPs) were selected.

© Two activated carbons derived from oil palm (ACFOPS) and coconut (ACfCS) shells were proposed

. asthe adsorbent to remove AgNPs. It was found that the concentrations of AgNPs in the rivers
and STPs are in the ranges of 0.13 t0 10.16 mg L~ and 0.13 t0 20.02 mg L2, respectively, with the
highest concentration measured in July. ACFOPS and ACfCS removed up to 99.6 and 99.9% of AgNPs,
respectively, from the water. The interaction mechanism between AgNPs and the activated carbon
surface employed in this work was mainly the electrostatic force interaction via binding Ag* with

. O~ presented in the activated carbon to form AgO. Fifteen kinetic models were compared statistically

* todescribe the removal of AgNPs. It was found that the experimental adsorption data can be best

. described using the mixed 1,2-order model. Therefore, this model has the potential to be a candidate

. forageneral model to describe AQNPs adsorption using numerous materials, its validation of which has

. been confirmed with other material data from previous works.

In the past several years, the development of nanotechnology has marched progressively in numerous fields of

application such as electronics, biological sensors, and water treatments. One of the recent advances is the devel-

opment of silver nanoparticles (AgNPs) for various consumer products such as detergents, textiles, cosmetics,

sprays, paints, and metal products due to their remarkable physical, chemical, and biological features'~’. It was
- estimated that the worldwide production of AgNPs was about 500 tons per year®. This implies that AgNPs are
. widely utilized on a global scale. Of central concern to the industry stakeholders, policymakers, communities, as
well as researchers, however, is their disposal into the water environment such as rivers. This is because there is an
. accumulated evidence demonstrating that AgNPs are toxic to the aquatic animals such as bacteria”’, algae'?, and
. plankton''. They also possess the capability to alter their surrounding beneficial microbial communities'?. Since
. the vast majority of the sources for drinking and household uses particularly in Malaysia are greatly dependent
. on the water from rivers, the current status of AgNPs in the water system should be well-understood so that a
. probable water treatment can be carried out.
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Scholarly literature has shown that AgNPs are present in numerous water sources with different concentra-
tions. In general, a 5 to 95% of the total amount of AgNPs in the commercial products can be released into the
sewage treatment plant®. Concentrations of AgNPs in the Connecticut undeveloped headwaters, the river from
industrialized, and river from urban areas were found as 5, 25, and 100 ng L%, respectively'?. In the Texas river,
the concentrations were in the range of 0.01 to 62 ng L~'%. On the other hand, there were 0.4 to 6.4 ng L™!
of AgNPs in the Trinity River estuary (Galveston Bay)'*. Moreover, it was estimated that the concentration of
AgNPs in the Rhine, a large European river, was in the range of 4 to 40 ng L' °. The above-mentioned studies are
undeniably significant for the monitoring of AgNPs content in the United States or Europe water environment.
Noticeably lacking, however, are studies on the current status of AgNPs in Malaysia in terms of their fate and
properties in the water bodies such as rivers and sewage treatment plants, which commonly receive the effluent
from houses or industries directly.

Several methods such as aeration, coagulation, and adsorption have been implemented to remove AgNPs
from the water. The aeration method is more complicated than the coagulation and adsorption since sequencing
batch reactors are employed and the process is rather time-consuming. The coagulation method involves the use
of toxic materials as coagulants such as aluminum sulfate, ferric chloride, poly aluminum chloride, and polyfer-
ric sulfate that impose potential threat as new pollutant sources in the water. The adsorption is seemed to be a
safe procedure for removal of AgNPs from the water since it circumvents the complicated procedure while free
of toxic materials use. Due to this positive attribute, the development of the synthetic, commercial, and natural
materials as adsorbent has been intensively carried out. Nonetheless, there exists a heightened concern about the
long-term adverse impact of synthetic materials because of their common association with toxicity. Although
commercial materials are easily obtainable, their cost can be uneconomic when applied in large scales. Hence, a
new material should be adopted to address the aforementioned shortcomings.

To date, materials in the previously under-explored activated carbon form are becoming more popular in the
removal of pollutants that utilizes natural resources. Although numerous types of activated carbons have been
proposed as an adsorbent for water treatment purposes, their use as the nanoparticle removal agent is lacking
in the scientific literature and hence not well-understood. Nanoparticles are generally explored as the adsorbent
but not adsorbate. It is more challenging to use nanoparticles as the adsorbate since they should be cleaned of
ligand. Previous work found that the adsorption capacities of citrate-coated AgNPs on inorganic such as barium
sulfate depend greatly on the ligand concentration'®. It was well-established that the adsorption mechanism was
firstly controlled by electrostatic interactions between nanoparticles and solid surfaces. However, the mechanism
is probably different when the activated carbon, which is categorized as a hydrophobic adsorbent, is employed
to remove AgNPs. This was observed when the Norit® CA1 was employed as the commercial activated carbon'”.
Their investigation found that the steric repulsion by ligand shell failed to prevent the adsorption of AgNPs on
the commercial activated carbon surface. This suggests that the electrostatic interaction force is not suitable to
describe their interaction mechanism.

To extend the advantages of activated carbon as a promising AgNPs adsorbent, activated carbons derived from
natural materials such as coconut and oil palm shells were investigated in this work. The objectives of the present
work are: (1) to monitor the current situation of AgNPs in the water environment in Malaysia, (2) to propose a
natural material for their removal, and (3) to investigate AgNPs adsorption mechanisms by evaluating 15 kinetics
adsorption models. It is useful to note that there was an inconsistency in the scholarly literature exhibiting that
the existing kinetic models did not perform well for a wide variety of experimental data. In addition, in some pre-
vious studies, only two to four kinetics models have been compared and assessed. Thus, it is challenging to find a
general model to describe the kinetic behaviors of the adsorption of AgNPs. This study evaluated a series of com-
monly employed mathematical models. Outcomes from this study are beneficial in offering a candidate model
that can be employed to characterize the kinetic behaviors of a wide variety of experimental AgNPs adsorption
data in the future. In this work, wastes such as coconut and oil palm shells were used due to their abundant avail-
ability in Malaysia. Although other natural resources such as peat, coal, wood, sawdust, and bagasse can be used
to produce activated carbon, the use of coconut and oil palm shells can be advantageous due to their high density,
high purity, virtually dust-free nature. Also, carbons produced from their shells are harder and more resistant to
attrition compared to grain or coal as raw materials'®.

Results

Water physio-chemical indicators.  Generally, drinking water can be derived from two basic sources such
as surface water and groundwater. At present, surface water from the lake or river is the major source of drinking
water in Malaysia compared to groundwater due to its availability and accessibility. To measure the water quality,
physical and chemical indicators are commonly used. The relevant indicators of interest in this study are tem-
perature (°C) and pressure (mmHg) (as physical indicators) as well as dissolved oxygen (mg L™!), conductivity
(ps cm™), pH, and nitrate (mg L™') (as chemical indicators). Table 1 lists the aforementioned indicators for all
water samples. There was no significant difference in terms of values for the temperature, pH, and pressure at all
locations. In addition, the dissolved oxygen of the water samples from rivers was higher compared to samples
from STPs.

It is well-known that the increased level of dissolved oxygen can provide a higher possibility for aquatic life.
The dissolved oxygen is highly beneficial for the survival of all aquatic organisms, not only for fish but also for
invertebrates such as crabs, clams, and zooplankton. Moreover, it was observed that the conductivity and nitrate
in the rivers for this study were lower than those from STPs. It was established that a high nitrate concentration
can cause an excess algae growth in the rivers. Consequently, this condition can deplete oxygen concentration,
resulting in the death of fish, aquatic organisms, and odor problems. The measured indicators have evidently
shown that the water quality of the rivers was in good condition compared to STPs. Hence, it is clear that the
water was treated before released into the rivers.
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Indicator STP1 STP 2 River 1 River 2

T (°C) 29.40+0.00 29.60 £ 0.00 29.17£0.06 28.37£0.06

P (mmHg) 756.53 £0.06 756.60 £ 0.00 755.83£0.06 757.00£0.10

DO (mgL™") 0.29£0.07 0.2440.08 1.64+0.16 1.484+0.62

C(pscm™) 476.90 +15.38 574.27 £0.46 290.97 £0.50 305.47+£23.73
pH 7.29£0.05 7.89+0.01 7.06£0.01 6.71£0.12

Nitrate (mg L") 34.02+23.65 41.154+7.22 3.60+£0.26 22.99+1.59

Table 1. Physical and chemical indicators of all water samples.

Sampling event
Location |1(mgL™') [2(mgL™') [3(mgL™') [4(mgL™)
STP 1 15.38+£5.95 | 0.47£0.12 | 0.40+0.44 |0.534+0.31
STP2 20.02+0.56 | 0.53+0.31 |0.33£0.32 |0.134+0.03
River 1 10.16+1.32 [ 0.13+0.06 |0.23£0.12 |0.134+0.06
River 2 9.63+0.80 | 0.13+0.06 |0.30+£0.26 |0.10£0.00

Table 2. Concentration of AgNPs obtained from ICP-OES assessment.

Fate of AgNPs in the water environment. Since AgNPs are widely explored for various commercial
products, their release into the environment is an issue of concern. AgNPs can be released into the water system
through several ways such as from washing machine or from residual industrial materials. It is defined here that
the functional zone surrounding STP 1 and river 1 is an industrial or commercial area and a residential area for
STP 2 and river 2. The present study has found that the concentrations of AgNPs in STP 1, STP 2, river 1, and
river 2 are in the ranges of 0.40 & 0.44 to 15.38 - 5.95, 0.13 £0.03 to 20.02 £0.56, 0.13 £ 0.06 to 10.16 £ 1.32, and
0.10+0.00 to 9.63 +0.80, respectively, as listed in Table 2.

It is obvious that there is a temporal variability of the concentration of AgNPs in the rivers and STPs. In gen-
eral, the highest concentration is reached in monitoring event 1 (July) compared to others monitoring events
(September, October, November for events 2, 3, and 4, respectively). Temporal variability in AgNPs concentra-
tions can be principally explained by temporal variability in the water discharge. It was established that a higher
water discharge from the sewage effluent commonly causes a higher AgNPs dilution'®. A high AgNPs concentra-
tion in July is customarily due to a low water discharge. It is also important to note that Peninsular Malaysia has
relatively dry weather (dry season) for that month due to the Southwest monsoon. In addition, relatively high
temperatures are common in Malaysia in that particular month, which is primed for feeding and reproduction
of many aquatic organisms'®. These findings are in line with the previous work through simulation study that the
highest concentrations of AgNPs in surface waters across Europe were found in July®.

BET of activated carbon. The present work found that the total surface area, total pore volume, and aver-
age pore width for ACfOPS were 503.12m?g™!, 0.28 m® g~!, and 0.55 nm, respectively. As a comparison, the total
surface area, total pore volume, and average pore width were 538.17m?g !, 0.22 m® g!, and 0.55 nm, respectively,
for ACfCS. In general, their physical characteristics were not significantly different. Also, when compared with
other studies, the presently proposed activated carbons are comparable®.

The pore sizes of the activated carbon can be categorized as micropores, mesopores, and macropores if the
widths of the pores are <2nm, 2-50 nm, and >50 nm, respectively?'. Therefore, the prepared activated carbons
in this study can be classified as materials having pores in the micropores category. In the adsorption mechanism,
particularly that employing an activated carbon, its adsorption capacity principally depends on the number of
micropores in the activated carbon. It is directly correlated to the micropore volume in the activated carbon.
Relating to the current study, the presence of micropores in the activated carbon could enhance the adsorption of
AgNPs that generally have sizes in the nanometer range via providing a wider surface for settlement. Therefore,
the mechanism of AgNPs deposition on the activated carbon is not only controlled by the surface reaction but
also their mobility into the micropores.

SEM of activated carbon. Figure 1(a) shows the surface morphology of ACfOPS before adsorption of
AgNPs. It is obvious from the figure that smooth areas are reflected by a series of oval lines. Various pores are
also clearly identifiable on the surface of the activated carbon. In addition, it can be seen that a few cracks occur
in Fig. 1(a). There are several noticeable pores on the activated carbon wall at the cracks. Figure 1(b) shows the
close-up view of ACfOPS after adsorption of AgNPs. Based on the analysis of the images, two distinct types of
surface can be detected. It is clearly identifiable on the surface of the activated carbon that after adsorption process
the surface tends to be rougher than that before adsorption. It clearly indicates that AgNPs are attached to the
surface of the presently fabricated activated carbon.

As a comparison, surface morphology characteristics of ACfCS before and after adsorption of AgNPs are
presented in Fig. 1(c) and (d), respectively. Before adsorption, as shown in Fig. 1(c), there are two obviously dis-
tinctive regions, namely, smooth and rough areas. A similar smooth pattern can be observed for ACfOPS before
adsorption of AgNPs, which is characterized by the existence of a series of oval lines. In addition, rough areas can
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Figure 1. (a) SEM of ACfOPS before adsorption, (b) SEM of ACfOPS after adsorption, (c) SEM of ACfCS
before adsorption, (d) SEM of ACfCS after adsorption, (e) EDX spectra of ACfOPS before and after adsorption,
and (f) EDX spectra of ACfCS before and after adsorption.

be identified as a set of particle chips enveloping the surface of the activated carbon. A few pores also can be iden-
tified on the activated carbon surface. After adsorption, as shown in Fig. 1(d), a noticeable change in the activated
carbon surface can be observed. Almost all activated carbon surface is enveloped by AgNPs. Therefore, its surface
can be characterized as rougher compared to before adsorption.

EDX of activated carbon. EDX was employed to analyze elements of the produced activated carbon before
and after adsorption of AgNPs. Figure 1(e) and (f) show the EDX spectra of ACfOPS and ACfCS, respectively.
For ACfOPS sample as shown in Fig. 1(e), EDX spectra reveal a significant change in terms of count intensity
before and after adsorption. Clearly, the silver element can be observed in the EDX spectra after the adsorption
of AgNPs, indicating the presence of metallic AgNPs on the activated carbon surface. A similar pattern can also
be observed in the EDX spectra of AC{CS as depicted in Fig. 1(f). The increase in count intensity indicating the
presence of AgNPs is also observed in the EDX spectra after adsorption process. In general, a decreased count
intensity for other elements is possibly due to the whole sample was almost covered by the metallic AgNPs caus-
ing a reduction in the interaction with the source of X-ray. It was well-established that the EDX analysis relies on
an interaction of X-ray excitation with the sample. It has also been ratified that the count intensity of EDX spectra
in the region of silver is high compared to other elements. For comprehensive verification, a mapping analysis was
carried out as depicted in Fig. 2(a,b). It is apparent that the silver element dominates the surface of the samples.
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Figure 2. (a) AgNPs distribution on ACfOPS, (b) AgNPs distribution on ACCS, (c) FTIR spectra of ACfOPS,
(d) FTIR spectra of ACfCS, and (e) XRD spectra of ACfOPS and ACfCS.

FTIR spectra of activated carbon. FTIR spectra were characterized to determine the surface groups on
ACfOPS and ACSCS both before and after adsorption of AgNPs as depicted in Fig. 2(c,d). For ACfOPS, as shown
in Fig. 2(c), it is clear from the figure that there are four obvious peaks at 3423, 1620, 925, and 736 cm ™. The peak
at 3423 cm ! can be correlated to the O-H stretching vibration in alcohols. A sharp peak at 1620 cm ™ is associ-
ated with the C=C stretching vibration in ketones. A weak peak at 925 cm™! can be assigned to the P-O stretching
vibration. The P-O stretching may come from the presence of phosphorus content in the raw material. A small
peak at 736 cm ™! is related to the C-H out-of-plane bending in benzene derivatives. It was well-established that
the main organic functional groups present in the palm oil shell were carbonyl groups (ketone and quinone),
ethers, and phenols?. After adsorption of AgNPs, there were slight changes in terms of transmittance intensity
and maximum peaks. For instance, the transmittance intensity of a peak of O-H stretching vibration in alcohols
of the activated carbon was less intense after adsorption of AgNPs. Also, the maximum peak for that stretching
vibration characteristic changed from 3423 to 3432 cm ™! after adsorption.

A similar characteristic is observed for the FTIR spectra of ACfCS. FTIR spectra of activated carbon derived
from coconut shell can be observed in Fig. 2(d). In detail, peaks at 3400, 1620, 917, and 716 cm ™! are due to O-H,
C=C, P-0, and C-H, respectively. These characteristics can be correlated to the stretching vibrations in alcohols,
ketones, the presence of phosphorus content, and benzene derivatives, respectively. Agricultural residues, such as
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the presently proposed activated carbon, as derived from oil palm or coconut shells commonly compose almost
the same functional groups such as phenol, aldehydes, alcohols, ethers, ketones, and carboxyl groups?>?.

XRD of activated carbon. To understand the composition and structural change in the activated carbon
after adsorption, the X-ray diffraction analysis was carried out. XRD spectra of ACfOPS and ACfCS are shown in
Fig. 2(e). The maximum peaks of XRD spectra of ACfOPS at 20 =32.2°, 37.1°, and 39.3° are noticed. These spectra
are identified as AgO characteristic with a monoclinic structure?. This lattice system has the cell edges having the
relative lengths of a =5.85, b=3.48, and ¢ = 5.49. Analogously, a similar pattern of XRD spectra for AC{CS can
also be observed. Hence, this observation has confirmed that metal silver binds oxygen to form AgO.

Discussion

Deposition mechanism of nanoparticles on activated carbon is a somewhat complex reaction. Several mech-
anisms have been proposed although all of them cannot exactly capture the complexity of the reaction'”?*. In
general, it was established that the deposition of nanoparticles on activated carbon greatly relies on the chemical
surface of both activated carbon and nanoparticles, environmental condition, physical and mechanical param-
eters, and the preparation procedure. In this work, two activated carbons derived from different sources were
proposed, namely, from oil palm and coconut shells. It is also possible that the activated carbons provide a slight
change in the adsorption mechanism of AgNPs.

For ACfOPS, it can be found that AgNPs were deposited in several parts on the carbon surface, mostly as
aggregates as shown in Fig. 1(b). Using this activated carbon, the present work proposes a series of possible rules
of the deposition of AgNPs on its activated carbon surface. Firstly, the nanoparticles are instantly and completely
deposited on the carbon surface. Secondly, AgNPs have potential to enter the activated carbon pores. Thirdly,
AgNPs form clod by agglomeration phenomenon before attaching to activated carbon surface in the form as
shown in Fig. 1(b). The distributions are also approved by the mapping of AgNPs in the activated carbon sample
as depicted in Fig. 2(a). In comparison, the deposition mechanism of AgNPs on ACfCS is in a slightly different
rule compared to ACfOPS. It has been observed that AgNPs were almost instantly and completely deposited on
the carbon surface in mostly aggregates form, not as big clod as depicted in Fig. 1(d). Interestingly, almost all
activated carbon surface was covered by AgNPs. This is confirmed by the mapping of AgNPs in the samples as
shown in Fig. 2(b). Using this activated carbon, it is also possible that AgNPs can enter its pores and then settle.

Recent scientific literature has invoked somewhat contradictory findings on the interaction mechanism
between nanoparticles as the adsorbate and natural materials as the adsorbent. On one hand, evidence of some
scientific literature widely favors the case in which the adsorption process is dominantly initiated by electrostatic
interactions between nanoparticles and solid surfaces'®?. On the other hand, the alternative study found that
van der Waals forces or London dispersion forces are highly potential as the candidate to explain the adsorption
mechanism of nanoparticles onto the activated carbon'”. In the current work context, whether nanoparticles bind
to the carbon, oxygen, or other constituents is still an inconclusively debated subject. Regardless of these pro-
posed theories, it is clear that their interaction is widely controlled by the environmental conditions, nanoparticle
charges, and molecules present in the activated carbon.

To understand the interaction mechanism for the current work, it is worthwhile to initiate discussion from the
perspective of the nanoparticle transformation and their possible interaction with constituents of the activated
carbon. It is well-known that AgNPs can be transformed in the water environment into a wide variety of elements
such as Ag™ and Ag*" depending on the physio-chemical conditions?”-*%. Their transformation is believed due to
the reaction consumption of HT, which is usually favored at low pH?. By applying formula pH = —log[H"], the
concentration of H" can be measured as [H*] = 10P™. It is certain that the concentration of H is higher at low
pH or acid condition. For this reason, the pH changes of the prepared solution before and after adsorption were
measured in the current study. It was found that the solution pH before adsorption was 3.29, which is defined as
an acidic condition. Judging from this observation, the transformation of AgNPs from Ag® to Ag* seems more
favorable. After adsorption, the solution pH increased to 4.8 and 4.41 for the adsorption processes by ACfOPS
and ACICS, respectively, which are still in acidic condition. This mechanism was possible due to the surface pro-
tonation phenomenon. The activated carbon surface was more negatively charged during the adsorption process
so that H" ions presented in the solution configure layers in the surrounding of the activated carbon surface.

In terms of the interaction philosophy, it was well-established that H,O in the solution condition exists as H*
and OH" in the following form:

H,0 — H" + OH~ (1)

FTIR spectra shown in Fig. 2(c) and (d) have confirmed the presence of O-H molecule on the activated car-
bon. In solution, the molecule was dissolved as O~ and H*. Therefore, Ag" attached to the activated carbon by
binding with O~. This finding has also been confirmed by the XRD spectra exhibiting the presence of AgO after
the adsorption process as readily shown in Fig. 2(e). Following this logic, it can be strongly implied that the elec-
trostatic interactions between nanoparticles and O~ were the main forces that caused the adsorption of positively
charged silver on the negatively charged solid surfaces of the activated carbon. By virtue of the aforementioned
interaction philosophy, the chemical reaction of the adsorption of AgNPs on the currently proposed activated
carbon can be expressed as:

CoHo 10 + Ag’ — [C,H,0,| — Ag + H' @

For a complete overview, the interaction mechanism between AgNPs and the currently proposed activated
carbon is proposed in Fig. 3.
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Figure 3. A proposed interaction mechanism between AgNPs and the currently proposed activated carbon.
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Table 3. Optimized parameters of kinetic adsorption models for ACfOPS and ACSCS.

One of the challenges in developing a mathematical model to represent a phenomenon of the adsorption of
AgNPs is how the model can describe physically and chemically the event while making it simple for a wide-
spread use. Although various models have been proposed, an apparent shortcoming is that the models are only
applicable to a certain case examined by the proponents. Concerning with the aforementioned, the present work
was dedicated also to evaluate a wide range of existing models to describe the adsorption of AgNPs via activated
carbon materials. Table 3 presents all optimized parameters by employing ‘Isqcurvefit’ optimization of all pres-
ently evaluated models. It is apparent from the table that the prediction of g, using the first-order, second-order,
pseudo-first-order, pseudo-second-order, Avrami, mixed 1,2-order, exponential, Boyd, and fractal-like mixed
1,2-order models are close to the experimental data. However, alternative models such as fractal-like exponen-
tial, fractal-like pseudo-first-order, and fractal-like pseudo-second-order over-predict the experimental data.
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RMSE MAPE MAD

Model R*(Rank) | (Rank) E, .. (Rank) | E,;, (Rank) | (Rank) (Rank) AR

First-order 13 4 13 1 13 4 8.00
Second-order 15 15 15 15 15 15 15.00
Pseudo-first-order 11 5 11 2 11 5 7.50
Pseudo-second-order 3 1 3 8 3 1 3.17
Intraparticle diffusion 14 6 14 14 14 6 11.33
Power 7 7 7 12 4 7 7.33
Avrami 12 8 12 3 12 8 9.17
Bangham 8 9 8 13 5 9 8.67
Mixed 1,2-order 2 2 1 7 2 2 2.67
Exponential 10 10 9 4 9 10 8.67
Fractal-like exponential 9 11 10 5 10 11 9.33
Boyd 4 12 4 9 6 12 7.83
Fractal-like pseudo-first-order 5 13 5 10 7 13 8.83
Fractal-like pseudo-second-order | 6 14 6 11 8 14 9.83
Fractal-like mixed 1,2-order 1 3 2 6 1 3 2.67

Table 4. Average ranking (AR) of all models for AgNPs adsorption on ACfOPS.

Although intraparticle diffusion, power, and Bangham models do not include g,, the models are also applicable
for the present study.

The study then assumed the following criteria: the model performance on the experimental data was con-
sidered very good if the average ranking < 3.75, good if 3.75 < average ranking < 7.5, satisfactory if 7.5< aver-
age ranking < 11.25, and poor if 11.25 < average ranking < 15. For AgNPs adsorption on ACfOPS as listed
in Table 4, the mixed 1,2-order, fractal-like mixed 1,2-order, and pseudo-second-order models exhibit a very
good performance. The Power and the pseudo-first-order models demonstrate a good performance. Those of
Boyd, first-order, Bangham, exponential, fractal-like pseudo-first-order, Avrami, fractal-like exponential, and
fractal-like pseudo-second-order display a satisfactory performance. However, the intraparticle diffusion and
second order models show a poor performance. In detail, the best five performing models via ACfOPS outcomes
are depicted in Fig. 4(a).

Analogous evaluation of the performance of all models to describe the experimental data of AgNPs adsorp-
tion via ACfCS is presented in Table 5. It has been found that there are only two models, namely, the mixed
1,2-order and fractal-like mixed 1,2-order that exhibit a very good performance. The pseudo-second-order,
the pseudo-first-order, first-order, exponential, Boyd, and Avrami show a good achievement. Models such as
fractal-like exponential, Bangham, and fractal-like pseudo-first-order reveal only a satisfactory performance.
The Power, fractal-like pseudo-second-order, intraparticle diffusion, and second-order models are not suitable to
describe the presently observed experimental data due to their poor performance. For a comprehensive overview,
the best five performing models by employing ACfCS are depicted in Fig. 4(b).

Since AgNPs were categorized as an emerging potential toxic contaminant, their removal from the water
environment needs to be carried out. It was well-established that the United States Environmental Protection
Agency (USEPA) has set the maximum of their contaminant level for drinking water standard at 0.1 mgL~%. As
shown in Fig. 4(c), it is obvious that ACfOPS and ACfCS are capable to remove the concentration of AgNPs from
the initial concentration of 20 mgL~! down to the allowable limit (endpoint) by 54 min and 71 min adsorption
processes, respectively. Although the final concentration achieved by ACfCS was higher compared to ACfOPS,
for real application this study prefers to recommend the use of ACfOPS due to its faster performance in achieving
the allowable limit concentration. It is highly beneficial for future industrial applications since the energy con-
sumption, time consumption, and cost are expected to be greatly minimized. This good performance is possible
due to the contribution of its pore volume that is slightly higher compared to ACfCS. Moreover, the present study
has found that ACfOPS and AC{CS were able to remove AgNPs up to 99.6 and 99.9%, respectively, as depicted
in Fig. 4(d).

The most surprising aspect of the present appraisal is that the mixed 1,2-order model consistently predicts
a very good performance for the adsorption of AgNPs via both ACfOPS and ACfCS. It is hence ratified that
the model is capable to offer an exact fit to our experimental data. Therefore, this model has the potential to
be a prospective general model to describe the adsorption of AgNPs by numerous materials. Aligning to the
aforementioned supposition, the present work then evaluated the performance of the model using the previ-
ous experimental data employing other natural and synthetic materials such as Aeromonas punctata® and the
poly(ethylenimine) functionalized core-shell magnetic mesoporous silica composites (Fe;0,@SiO,-PEI)*!,
respectively, the outcomes of which are as shown in Fig. 4(e,f). It is obvious that the model is also capable to
demonstrate a very good performance for the examined data. In detail, R%, RMSE, E,,,,, E, ;. MAPE, and MAD
of the model are 1.00, 0.00, 0.14, 52.14, 6.33, and 0.00, respectively when Aeromonas punctata was employed
as the adsorbent. For Fe;0,@Si0,-PEI the corresponding values are 0.95, 14.97, 0.55, 18.37, 4.83, and 11.42,
respectively.
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Figure 4. (a) The best five kinetic models for adsorption of AgNPs via ACfOPS, (b) the best five kinetic models
for adsorption of AgNPs via ACfCS, (c) final concentration of AgNPs, (d) percentage of AgNPs removal, (e)
performance of the mixed 1,2-order model for Aeromonas punctata, and (f) performance of the mixed 1,2-order
model for Fe;O,@SiO,-PEIL

In conclusion, the present work has comprehensively reported the current status of AgNPs in the water envi-
ronment in Malaysia in terms of inspection, characterization, removal, modeling, and future perspective. This
study has found that the concentration of AgNPs in the presently investigated sewage treatment plants was higher
than that of the rivers with the highest concentration observed in July. In addition, FTIR, SEM, EDX, XRD, and
BET analyses have been used to characterize the physio-chemical properties of the presently employed activated
carbons for the removal of AgNPs. It has been found that ACfOPS was faster compared to ACfCS to achieve the
allowable limit concentration permitted by the USEPA standardization. It was also ratified that the interaction
mechanism between AgNPs and the activated carbon surface was mainly electrostatic forces interaction via bind-
ing of Ag* with O~ presents on the activated carbon to form AgO, which was also confirmed by the XRD spectra
data. The mixed 1,2-order model exhibited the best performance compared to other evaluated models. It can be
concluded that the model offers an exact fit to our experimental data. Moreover, this model has the potential to be
a general model candidate to describe the adsorption of AgNPs for numerous materials, its performance of which
was very good when validated using other natural and synthetic materials. A further study should be carried out
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RMSE MAPE MAD

Model R*(Rank) | (Rank) E, .. (Rank) | E,;, (Rank) | (Rank) (Rank) AR

First-order 8 4 8 1 8 4 5.50
Second-order 15 15 15 15 15 15 15.00
Pseudo-first-order 6 5 6 4 6 5 5.33
Pseudo-second-order 3 3 3 8 3 3 3.83
Intraparticle diffusion 14 14 14 14 14 14 14.00
Power 12 9 12 13 13 9 11.33
Avrami 7 6 7 5 7 6 6.33
Bangham 13 10 13 9 10 10 10.83
Mixed 1,2-order 1 1 1 3 2 1 1.50
Exponential 5 7 5 6 5 7 5.83
Fractal-like exponential 9 11 9 10 9 11 9.83
Boyd 4 8 4 7 4 8 5.83
Fractal-like pseudo-first-order 10 12 10 11 11 12 11.00
Fractal-like pseudo-second-order 11 13 11 12 12 13 12.00
Fractal-like mixed 1,2-order 2 2 2 2 1 2 1.83

Table 5. Average ranking (AR) of all models for AgNPs adsorption on ACfCS.

to assess the long-term performance of the proposed activated carbon before applying it on a large scale for future
industrial purposes.

Materials and Methods

Materials. Oil palm and coconut shells as raw materials to produce activated carbon were collected from the
palm oil plantations under the Federal Land Development Authority (FELDA) at Ulu Tebrau and Pasar Awam
(alocal market), Johor Darul Tazim, Malaysia, respectively. Silver nitrate (AgNO;) was purchased from QReC,
Auckland, New Zealand. Eleusin indica was obtained from the surrounding area of Universiti Teknologi Malaysia,
Johor Bahru, Malaysia. Zinc chloride (ZnCl,) was purchased from QReC, Auckland, New Zealand.

Water sampling location. For inspection of the presence of AgNPs in the water environment, the water
samples were collected from the local sewage treatment plants (STPs) managed by Indah Water Konsortium
Sdn Bhd located at Desa Skudai (1.538247 N, 103.620674 E) and Taman Universiti (1.538346 N, 103.620681 E),
Johor Darul Ta’zim, Malaysia. In addition, water samples were also collected from Melana River (1.535869 N,
103.623216 E) and Sekudai River (1.542408 N, 103.662191 E), Johor Darul Tazim, Malaysia. All water samples
were then stored at a temperature of 4 °C for the next investigation. For brevity, Melana River, Sekudai River, STP
at Taman Universiti, and STP at Desa Skudai are next abbreviated as river 1, river 2, STP 1, and STP 2, respectively.

Preparation of silver nanoparticles solution.  Eleusin indica extract was first prepared as follows. 18 g of
fresh Eleusin indica was washed using tap water and then with ultrapure water three times each. The clean Eleusin
indica was mixed with 200 mL ultrapure water in a 500 mL Erlenmeyer flask and the extraction process was con-
ducted by boiling the mixture for 30 min before cooled to room temperature. The extracts were then filtered using
anylon membrane filter of 0.45 jum and stored in a fridge at a temperature of 7 °C for the next use. For AgNPs syn-
thesis, a mixture of AgNO; and ultrapure water with a concentration of 0.15M in a 500 mL Erlenmeyer flask was
prepared. 100 mL Eleusin indica extract was added to the 100 mL AgNO; solution. The mixture was then stirred
for 24 h at the rate of 100 rpm to complete the reduction of the silver ions to the nanoparticle.

Preparation of activated carbon. For producing activated carbon derived from oil palm shell (ACfOPS),
fresh oil palm shell was washed three times to remove any impurities using the tap water. It was then dried under
the sun for 24 h to remove moisture content before ground and sieved to obtain pieces of irregular shapes with the
sizes of <3 mm. To remove the excess moisture, the particles were then oven-dried at a temperature of 110°C for
24h. For the activated carbon preparation, the method proposed by Mahamad et al. was used as the basis®. Briefly,
the dried shells were mixed with ZnCl, at a weight ratio of 1:1 (dried coconut shell: ZnCl,) in a 500 ml beaker, in
which the mixture was prepared using the ultrapure water. The mixture was left for 24 h at room temperature. It was
then oven-dried at a temperature of 110°C for 24 h. The carbonization process was conducted by heating the sam-
ple at a temperature of 500 °C for 1 h before cooled to room temperature. To remove any residual activating agent,
the activated carbon was washed using the ultrapure water three times and finally oven-dried at a temperature of
110°C for 24 h. A similar procedure was applied for activated carbon derived from the coconut shell (AC{CS).

Characterization procedure. The concentration of AgNPs was analyzed using the inductively coupled
plasma optical emission spectroscopy (ICPOES) (710 ICPOES No. my13270004) operated at a power of 1200 W
with Argon flow rate of 15 L min~!. The adsorption-desorption isotherms of nitrogen were characterized using
NOVAtouch 4LX from Quantachrome Instruments. The functional groups existed on the surface of activated
carbon were analyzed using the Fourier transform infrared spectroscopy (FTIR) (PerkinElmer Frontier-GPOB
model 96046) installed with the PerkinElmer Spectrum software by applying a spectrum wavelength in the range
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of 650 to 4000 cm™! at a resolution of 4 cm ™! and accumulations of 10 scans at room temperature. Surface mor-

phology of activated carbon was observed using the scanning electron microscopy (SEM) HITACHI S-3400N
equipped with the Bruker Quantax software operated at a voltage of 15kV. Elemental analysis was then performed
using the energy-dispersive X-ray spectroscopy (EDX). X-ray diffraction (XRD) spectra were analyzed using the
Bruker D8 Advance diffractometer with CuK as the radiation source, which has a wavelength of 1.54 A.

Adsorption experiments. The adsorptive capability of the produced activated carbons was evaluated by
means of batch adsorption experiments using AgNPs. Activated carbons having particles with approximate sizes
of 0.1 to 2mm as obtained from the sieving procedure were employed in this investigation. AgNPs solution was
diluted to obtain the maximum concentration similar to the actual maximum concentration of the water samples
collected from rivers and STPs. In detail, a 10 mL AgNPs solution in a 50 mL plastic tube was prepared. Then,
1 g of the activated carbon was added to the solution. The adsorption process was investigated by magnetically
stirring the mixture at a speed of 100 rpm for 30 to 120 min. The mixture was then filtered using filter paper. The
supernatant was characterized to investigate the residue of AgNPs in the solution after adsorption. The particles
retained on the filter paper was then used for the next characterization.

The residual concentration of AgNPs in the solution was calculated as a function of time in the range of
30-120 min, and the adsorption capacity was then calculated using the following formula:

(C,—Ct) x V
w (3)

where g(f) is the adsorption capacity (mg g!), C; is the initial concentration (mg L™!), C(#) is the concentration at
time ¢ (mg L™!), Vis the volume of AgNPs solution (L), and W is the mass of the activated carbon (g). In addition,
the percentage of the removal was calculated using the following formula:

q(t) =

G
Ay =1 - L} x 100%
G (4)
where A, is the percentage of removal (%), C; is the initial concentration of AgNPs (mg L™ !), and Cyis the final
concentration of AgNPs (mg L ™).

Theoretical kinetic models. In this work, fifteen kinetics models were used to evaluate the adsorption of
AgNPs. These models are described as follows:

First-order model.  'The first-order model was initially proposed to describe the dynamic mechanism of lead and
chromium removal on red mud from aqueous solution®. The model can be mathematically described as:
q, = g, —exp(—kyt) (5)

where g, is the adsorption capacity (mg g™!) at time ¢ (min), g, is the adsorption capacity at equilibrium (mg g~?),
and k; is the first-order rate constant (min™!). Therefore, the model has been continuously employed to describe
other adsorption mechanisms**.

Second-order model.  'The second-order model was developed to describe the mechanism of the adsorption of
cadmium ions onto bone char®. Mathematically, the model is given as®***>:
4.

9= —
"1+ gkt (6)

where k, is the second-order rate constant (min ). The model was found reliable to accurately predict the equi-
librium capacity of sorbent®. However, this model was found to deviate in terms of the rate of change of sorption
from the data points after 6h.

Pseudo-first-order model. 'The pseudo-first-order model was first proposed as a first-order rate model®. At pres-
ent, it is well-known as the pseudo-first-order to differentiate the kinetic model based on the adsorption capacity
from solution concentration. The pseudo-first-order model can be presented using the following formula:

4, = a1 — exp(—ky) )
where g, is the adsorption capacity at equilibrium (mg g™'), and k,; is the pseudo-first-order rate constant

(min™t).

Pseudo-second-order model. Ho and McKay proposed a kinetic model to describe the adsorption of divalent
metal ions onto peat®. In this model, the adsorption process of the second-order format is assumed. This model
is commonly coined as the pseudo-second-order, which is mathematically expressed as follows:
2
g - kgt
Lokt (8)

where ky, is the pseudo-second-order rate constant (min™').
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Intraparticle diffusion model. Intraparticle diffusion describes the transportation of species from the bulk to the
solid phase in a solution. It is commonly employed to explain the adsorption mechanism occurred in a porous
material, which takes the following form:

6 = kylt + ¢ ©

where k;, is the diffusion coefficient of the model (mg g™ min~"2) and c;, is the intraparticle diffusion constant
(mgg™).

Power model.  The nonlinear power model can be mathematically written as follows**:
9 = Kyt (10)
where k, and v, are the power constants of the model.

Avrami model.  Avrami kinetic model has been widely used to describe the kinetic mechanism of several sorb-
ates such as methylene blue or Hg(I1)**. It is expressed as:

q, = q,[1 — exp(—k,,1)"] (11)

where k,, and n,, are the kinetic constants of the model (min~"!) in the form of the fractional reaction order of the
model (—).

Bangham model. Bangham kinetic model can be presented as follows*!:

q, = k,t'"" (12)

where k, is the constant of adsorption rate (mg g™' min™') and I/m is the indicator of the adsorption intensity.
This model can be employed to describe the adsorption of anionic and cationic dyes on activated carbon from
aqueous solutions*!.

Mixed 1,2-order model. Marczewski proposed a kinetic model derived from the pseudo-first-order and second
order called the mixed 1,2-order model*?, which is given as follows:

_ 1 — exp(—kt)
% qel — f,exp(—kt) (13)

where f, and k are the parameters of the mixed 1,2-order model. This model has been proven to successfully
describe the adsorption of dye on mesoporous carbons compared to pseudo-first- or second-order model*2.

Exponential model. An exponential form of the kinetic equation is also possible to describe the pattern of
adsorption rate with time. The model can be expressed as:

q, = q,In[2.72 — 1.72 exp(—k,1)] (14)
where k, is the constant of the exponential model.
Fractal-like exponential model. Haerifar and Azizian proposed a modification of the exponential model as**:
q, = q,In2.72 — 1.72 exp(—kﬂeto’)] (15)
where kg, is the fractal-like exponential rate coefficient and « is the constant of the model. In this model, they
hypothesized that this process occurred in systems whose solid surfaces were homogeneous. They found that the

model can be applied for describing the kinetics of the adsorption for both homo- and heterogeneous systems.

Boyd model. Boyd model was used to predict the actual slowest step in the adsorption process*. The model is
given as follows:

4 =4,

6
— —exp(—B
1 — exp( t)} (16)

where B is the coefficient that covers the effective diffusion process and radius of the particles (min~1).

Fractal-like pseudo-first-order model. A modification of the pseudo-first-order model by introducing the fractal
concept was also proposed®. The model was proposed as follows:

4, = a1 — exp( kgt (17)

where kjy, is the fractal-like pseudo-first-order coefficient and « is the constant of the model.
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Fractal-like pseudo-second-order model. Haerifar and Azizian also proposed a modification of the
pseudo-second-order model by introducing the fractal concept, which was mathematically described as**:

_ kﬂsoqezta
1+ qekﬂmt"“ (18)

9
where kg, is the fractal-like pseudo-second-order coefficient and «v is the constant of the model.

Fractal-like mixed 1,2-order model. Haerifar and Azizian also proposed a modification of the mixed 1,2-order
model using the fractal concept*. The mathematical expression of the model was presented as:

1 — exp( —kﬂﬁt“)

9 =4, @
t 1 —fzexp(—ktﬂfs ) (19)

where kjy, is the fractal-like pseudo-second-order coefficient and «v and f, are the constants of the model.

Optimization procedure and statistical analysis. 'The MATLAB Optimization Toolbox curve fitting function,
“Isqcurvefit’, was employed to optimize the model parameters. The Trust Region Reflective Newton algorithm
was then utilized for the optimization problems*. Statistical indicators such as the coeflicient of determination
(R?), root mean squared error (RMSE), percentage of error in maximum estimated value (E,,,,), percentage of
error in minimum estimated value (E,,;,,), mean absolute percent error (MAPE), and mean absolute deviation
(MAD) were employed to evaluate the performance of all models. The best model was chosen based on the min-
imum arithmetic mean rank. The mathematical formulae of all aforementioned statistical indicators are given as
follows:

2
E(xohs,i ~ Xmo del,i)

RZ
E(xabs,i - J70175)2 (20)

=1 -

2
RMSE = \/Z?—I(xobsi — Xmod el,i)

n 21
b — X
E — ‘maxmodel ‘maxobs % 100%
e X maxobs (22)
E. = Xminmodel — Xminobs % 100%
min
Xmin obs (23)
1 X, i — X :
MAPE = _Z‘ 0bs i model ,i ] % 100%
n |xobs,i (24)
MAD = lz]xobs,i - xmodel,i
n (25)

where x,,,; is the observation data at time i, x,,,,4,; is the prediction data at time i, and 7 is the number of data.

References
1. Lei, Y. et al. Increased silver activity for direct propylene epoxidation via subnanometer size effects. Science. 328, 224-228 (2010).
2. Sun, Y. & Xia, Y. Shape-controlled synthesis of gold and silver nanoparticles. Science. 298, 2176-2179 (2002).
3. Park, M. et al. Highly stretchable electric circuits from a composite material of silver nanoparticles and elastomeric fibres. Nat.
Nanotech. 7, 803-809 (2012).
4. Naik, R. R,, Stringer, S. J., Agarwal, G., Jones, S. E. & Stone, M. O. Biomimetic synthesis and patterning of silver nanoparticles. Nat.
Mater. 1, 169-172 (2002).
5. Kumar, A., Vemula, P. K., Ajayan, P. M. & John, G. Silver-nanoparticle-embedded antimicrobial paints based on vegetable oil. Nat.
Mater. 7, 236-241 (2008).
6. Desireddy, A. et al. Ultrastable silver nanoparticles. Nature. 501, 399-402 (2013).
7. Syafiuddin, A. et al. A review of silver nanoparticles: Research trends, global consumption, synthesis, properties, and future
challenges. J. Chin. Chem. Soc. 64, 732-756 (2017).
8. Mueller, N. C. & Nowack, B. Exposure modeling of engineered nanoparticles in the environment. Environ. Sci. Technol. 42,
4447-4453 (2008).
9. Syafiuddin, A. et al. A purely green synthesis of silver nanoparticles using Carica papaya, Manihot esculenta, and Morinda citrifolia:
Synthesis and antibacterial evaluations. Bioprocess Biosyst. Eng. 40, 1349-1361 (2017).
10. Miao, A.-J. et al. Intracellular uptake: A possible mechanism for silver engineered nanoparticle toxicity to a freshwater alga
ochromonas danica. PLoS One. 5, 1-8 (2010).
11. Jo, H.J.,, Choi, J. W,, Lee, S. H. & Hong, S. W. Acute toxicity of Ag and CuO nanoparticle suspensions against Daphnia magna: The
importance of their dissolved fraction varying with preparation methods. J. Hazard. Mater. 227, 301-308 (2012).
12. Yuan, Z. et al. Interaction of silver nanoparticles with pure nitrifying bacteria. Chemosphere. 90, 1404-1411 (2013).

SCIENTIFICREPORTS| (2018) 8:986 | DOI:10.1038/s41598-018-19375-1 13



www.nature.com/scientificreports/

13. Bilberg, K., Hovgaard, M. B., Besenbacher, F. & Baatrup, E. In vivo toxicity of silver nanoparticles and silver ions in zebrafish (danio
rerio). J. Toxicol. 2012, 293784 (2012).

14. Wen, L.-S., Santschi, P. H,, Gill, G. A., Paternostro, C. L. & Lehman, R. D. Colloidal and particulate silver in river and estuarine
waters of texas. Environ. Sci. Technol. 31,723-731 (1997).

15. Blaser, S. A., Scheringer, M., MacLeod, M. & Hungerbiihler, K. Estimation of cumulative aquatic exposure and risk due to silver:
Contribution of nano-functionalized plastics and textiles. Sci. Total Environ. 390, 396-409 (2008).

16. Wagener, P,, Schwenke, A. & Barcikowski, S. How citrate ligands affect nanoparticle adsorption to microparticle supports. Langmuir.
28, 6132-6140 (2012).

17. Gicheva, G. & Yordanov, G. Removal of citrate-coated silver nanoparticles from aqueous dispersions by using activated carbon.
Colloids Surf. A Physicochem. Eng. Asp. 431, 51-59 (2013).

18. Gratuito, M. K. B., Panyathanmaporn, T., Chumnanklang, R. A., Sirinuntawittaya, N. & Dutta, A. Production of activated carbon
from coconut shell: Optimization using response surface methodology. Bioresour. Technol. 99, 4887-4895 (2008).

19. Dumont, E., Johnson, A. C., Keller, V. D. J. & Williams, R. J. Nano silver and nano zinc-oxide in surface waters - Exposure estimation
for Europe at high spatial and temporal resolution. Environ. Pollut. 196, 341-349 (2015).

20. Garcia, J. R,, Sedran, U, Zaini, M. A. A. & Zakaria, Z. A. Preparation, characterization, and dye removal study of activated carbon
prepared from palm kernel shell. Environ. Sci. Pollut. Res. 1-10, https://doi.org/10.1007/s11356-017-8975-8 (2017)

21. Cychosz, K. A., Guillet-Nicolas, R., Garcia-Martinez, ]. & Thommes, M. Recent advances in the textural characterization of
hierarchically structured nanoporous materials. Chem. Soc. Rev. 46, 389-414 (2017).

22. Lua, A. C. & Guo, J. Microporous oil-palm-shell activated carbon prepared by physical activation for gas-phase adsorption.
Langmuir. 17,7112-7117 (2001).

23. Pagnanelli, F, Mainelli, S., Veglio, E & Toro, L. Heavy metal removal by olive pomace: Biosorbent characterisation and equilibrium
modelling. Chem. Eng. Sci. 58, 4709-4717 (2003).

24. Wei, . et al. Controlled in situ fabrication of Ag,0/AgO thin films by a dry chemical route at room temperature for hybrid solar cells.
Dalton Trans. 43, 11333-11338 (2014).

25. Ha, N. N. et al. Understanding the adsorptive interactions of arsenate-iron nanoparticles with curved fullerene-like sheets in
activated carbon using a quantum mechanics/molecular mechanics computational approach. Phys. Chem. Chem. Phys. 19,
14262-14268 (2017).

26. Brenner, T. et al. Adsorption of nanoparticles at the solid-liquid interface. J. Colloid Interface Sci. 374, 287-290 (2012).

27. Kaegi, R. et al. Fate and transformation of silver nanoparticles in urban wastewater systems. Water Res. 47, 3866-3877 (2013).

28. Impellitteri, C. A. et al. Transformation of silver nanoparticles in fresh, aged, and incinerated biosolids. Water Res. 47, 3878-3886
(2013).

29. Haynes, W. M. CRC handbook of chemistry and physics (eds Haynes, W.M.) Ch. 1, 3-42 (CRC Press, 2014).

30. Khan, S. S., Mukherjee, A. & Chandrasekaran, N. Adsorptive removal of silver nanoparticles (SNPs) from aqueous solution by
Aeromonas punctata and its adsorption isotherm and kinetics. Colloids Surf. B Biointerfaces. 92, 156-160 (2012).

31. Zhang, X., Zhang, Y., Zhang, X., Li, S. & Huang, Y. Nitrogen rich core-shell magnetic mesoporous silica as an effective adsorbent for
removal of silver nanoparticles from water. J. Hazard. Mater. 337, 1-9 (2017).

32. Mahamad, M. N., Zaini, M. A. A. & Zakaria, Z. A. Preparation and characterization of activated carbon from pineapple waste
biomass for dye removal. Int. Biodeterior. Biodegradation. 102, 274-280 (2015).

33. Gupta, V. K., Gupta, M. & Sharma, S. Process development for the removal of lead and chromium from aqueous solutions using red
mud—an aluminium industry waste. Water Res. 35, 1125-1134 (2001).

34. Khambhaty, Y., Mody, K., Basha, S. & Jha, B. Kinetics, equilibrium and thermodynamic studies on biosorption of hexavalent
chromium by dead fungal biomass of marine Aspergillus niger. Chem. Eng. J. 145, 489-495 (2009).

35. Cheung, C. W, Porter, J. F. & McKay, G. Sorption kinetic analysis for the removal of cadmium ions from effluents using bone char.
Water Res. 35, 605-612 (2001).

36. Lagergren, S. About the theory of so-called adsorption of soluble substances. K. Sven. Vetensk. Akad. Handl. 24, 1-39 (1898).

37. Ho, Y. S. & McKay, G. A comparison of chemisorption kinetic models applied to pollutant removal on various sorbents. Process Saf.
Environ. Prot. 76, 332-340 (1998).

38. Ho, Y. S. & McKay, G. Sorption of dye from aqueous solution by peat. Chem. Eng. . 70, 115-124 (1998).

39. Lopes, E. C. N,, dos Anjos, E. S. C,, Vieira, E. E. S. & Cestari, A. R. An alternative Avrami equation to evaluate kinetic parameters of
the interaction of Hg(II) with thin chitosan membranes. J. Colloid Interface Sci. 263, 542-547 (2003).

40. Royer, B. et al. Applications of Brazilian pine-fruit shell in natural and carbonized forms as adsorbents to removal of methylene blue
from aqueous solutions—Kinetic and equilibrium study. J. Hazard. Mater. 164, 1213-1222 (2009).

41. Rodriguez, A., Garcia, J., Ovejero, G. & Mestanza, M. Adsorption of anionic and cationic dyes on activated carbon from aqueous
solutions: Equilibrium and Kinetics. . Hazard. Mater. 172, 1311-1320 (2009).

42. Marczewski, A. W. Application of mixed order rate equations to adsorption of methylene blue on mesoporous carbons. Appl. Surf.
Sci. 256, 5145-5152 (2010).

43. Haerifar, M. & Azizian, S. An exponential kinetic model for adsorption at solid/solution interface. Chem. Eng. J. 215, 65-71 (2013).

44. Kumar, P. S., Senthamarai, C. & Durgadevi, A. Adsorption kinetics, mechanism, isotherm, and thermodynamic analysis of copper
ions onto the surface modified agricultural waste. Environ. Prog. Sustain. Energy. 33, 28-37 (2014).

45. Haerifar, M. & Azizian, S. Fractal-like kinetics for adsorption on heterogeneous solid surfaces. J. Phys. Chem. C. 118, 1129-1134
(2014).

46. Coleman, T. E & Li, Y. On the convergence of interior-reflective Newton methods for nonlinear minimization subject to bounds.
Math. Prog. 67, 189-224 (1994).

Acknowledgements
The authors thank the Malaysian Ministry of Higher Education and Universiti Teknologi Malaysia for grants
(R.J130000.7809.4F619 and Q.J130000.2522.14H40).

Author Contributions

A. Syafiuddin conducted the experiments and contributed to the drafting of the manuscript. S. Salmiati, T.
Hadibarata, A.B.H. Kueh, and M.R. Salim directed the project and contributed critical discussion. M.A.A. Zaini
involved in the analysis and interpretation of data. All authors reviewed and approved the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2018) 8:986 | DOI:10.1038/s41598-018-19375-1 14


http://dx.doi.org/10.1007/s11356-017-8975-8

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:986 | DOI:10.1038/s41598-018-19375-1 15


http://creativecommons.org/licenses/by/4.0/

	Silver Nanoparticles in the Water Environment in Malaysia: Inspection, characterization, removal, modeling, and future pers ...
	Results

	Water physio-chemical indicators. 
	Fate of AgNPs in the water environment. 
	BET of activated carbon. 
	SEM of activated carbon. 
	EDX of activated carbon. 
	FTIR spectra of activated carbon. 
	XRD of activated carbon. 

	Discussion

	Materials and Methods

	Materials. 
	Water sampling location. 
	Preparation of silver nanoparticles solution. 
	Preparation of activated carbon. 
	Characterization procedure. 
	Adsorption experiments. 
	Theoretical kinetic models. 
	First-order model. 
	Second-order model. 
	Pseudo-first-order model. 
	Pseudo-second-order model. 
	Intraparticle diffusion model. 
	Power model. 
	Avrami model. 
	Bangham model. 
	Mixed 1,2-order model. 
	Exponential model. 
	Fractal-like exponential model. 
	Boyd model. 
	Fractal-like pseudo-first-order model. 
	Fractal-like pseudo-second-order model. 
	Fractal-like mixed 1,2-order model. 
	Optimization procedure and statistical analysis. 


	Acknowledgements

	Figure 1 (a) SEM of ACfOPS before adsorption, (b) SEM of ACfOPS after adsorption, (c) SEM of ACfCS before adsorption, (d) SEM of ACfCS after adsorption, (e) EDX spectra of ACfOPS before and after adsorption, and (f) EDX spectra of ACfCS before and after a
	Figure 2 (a) AgNPs distribution on ACfOPS, (b) AgNPs distribution on ACfCS, (c) FTIR spectra of ACfOPS, (d) FTIR spectra of ACfCS, and (e) XRD spectra of ACfOPS and ACfCS.
	Figure 3 A proposed interaction mechanism between AgNPs and the currently proposed activated carbon.
	Figure 4 (a) The best five kinetic models for adsorption of AgNPs via ACfOPS, (b) the best five kinetic models for adsorption of AgNPs via ACfCS, (c) final concentration of AgNPs, (d) percentage of AgNPs removal, (e) performance of the mixed 1,2-order mod
	Table 1 Physical and chemical indicators of all water samples.
	Table 2 Concentration of AgNPs obtained from ICP-OES assessment.
	Table 3 Optimized parameters of kinetic adsorption models for ACfOPS and ACfCS.
	Table 4 Average ranking (AR) of all models for AgNPs adsorption on ACfOPS.
	Table 5 Average ranking (AR) of all models for AgNPs adsorption on ACfCS.




