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ABSTRACT

A massive quantity of plastic waste is generated daily, leading to serious environmental issues.
As one of the plastic wastes, the waste optical discs contain polycarbonates that can be recovered
and utilized as value-added materials. In this work, polycarbonate was recovered from waste discs
and aminated. The adsorption of aqueous Hg(Il) ions onto the aminated PC was investigated, where
the experimental variables were evaluated with a Box-Behnken design. The response surface model
revealed that 1 mg L™ of initial Hg(II) ions concentration, pH 7, and 10 min contact time as the opti-
mal settings for mercury removal. According to the validation study on spiked samples, the mercury
removal efficiency was ranged from 97% to 99%, which is consistent with the model prediction and
considerably independent from the effect of sample matrices under the experimental conditions of this
work. Regarding the best fitting among the investigated adsorption models, the adsorption process is
well-described by the Freundlich isotherm, which indicated monolayer adsorption. The adsorption pro-
cess was also found to follow the pseudo-second-order kinetic model that described the chemisorp-
tion. The result of this study suggested that the waste-derived aminated polycarbonate could be

a potential adsorbent for the treatment of mercury in contaminated water.
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1. Introduction

The rate of global consumption of plastics is at an
alarming level due to population growth and resulting in
producing large quantities of plastic wastes, which causes
plastic pollution [1]. Compact discs (CDs) and digital video
discs (DVDs) containing about 95% polycarbonate (PC)
have been part of the plastic wastes [2]. CDs and DVDs
were manufactured to support the information technology
sector; however, due to the evolution of more advanced
data storage facilities, the demand for optical discs is dras-
tically faded. Subsequently, vast quantities of CDs and
DVDs were discarded in landfills. Disposal of optical discs
that contain a large portion of PC in landfills is not a good
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option. The monomer of PC, bisphenol A, an endocrine dis-
ruptor, is leachable into the environment, and it could be a
concern of pollution [3]. Therefore, there is a critical need to
reduce the disposal of CDs and DVDs.

Several approaches and strategies for upcycling CD/
DVD wastes have been proposed. However, there are still
noticeable weaknesses. For example, the attempt to trans-
form waste optical discs into activated carbons requires
a long duration of pyrolysis [4]. Similarly, waste CDs also
have been charred into a reducing agent to serve the min-
eral iron processing [5]. The preparation of such carbona-
ceous products generally involves high thermal energy
(550°C-1,550°C), and it produces hazardous gases. Although
chemical recycling through glycolysis, alcoholysis, aminoly-
sis, and digestion has also been reported, hazardous bisphe-
nol A is still an inevitable by-product [6]. So far, the above
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options generally suffer certain drawbacks and are rather
sub-optimal for practical applications. This study, therefore,
was motivated to explore economic innovation that aims to
convert PC wastes into useful material.

Polymeric materials have emerged as potential alter-
natives for removing pollutants via adsorption, and this
research area has remained the focus of many studies [7,8].
For instance, reactive functionalized polymeric (ion-ex-
change) resins that demonstrate attractive features for speed
pollutant trapping are used extensively in water treatment
due to better surface contact in an aqueous medium [9].
Although PC might not display excellent adsorption affin-
ity in contaminant removal, it contains functional groups
such as aromatic rings and polyester, which could be altered
chemically [10] to enhance its affinity towards contami-
nants [7]. According to literature reports, aminated mate-
rials are sensible adsorbent candidates against Hg(II) ions
due to the binding preference between Hg(Il) ions and the
nitrogen atom in the amine group [11].

Heavy metal pollution poses a serious concern to living
organisms. Some of the heavy metals pollutants of great
environmental concern include cadmium, lead, chromium,
zinc, copper, and mercury. When ingested, some heavy
metals can bioaccumulate in living organisms and result in
serious ailments, including cancer, nervous system damage,
and eventually death [12]. Mercury is considered one of the
most poisonous metals. It is also persistent and bioaccumu-
lative in both the food chain and human organs [13]. It is
produced by anthropogenic activities such as mining, fossil
fuel combustion, the manufacturing of mercury-containing
products, etc. [7]. In the context of wastewater remediation,
several technologies have been researched and applied.
These technologies include ion exchange, coagulation,
phytoremediation, osmosis, photo-catalysis, and adsorp-
tion [12,14-16]. Among these technologies, adsorption is
the most versatile, well-researched, and natural process
used for wastewater remediation because of its simplicity
and economic feasibility [17-19]. To date, various adsor-
bents for environmental remediation have been synthesized
and studied by many researchers [7]. Still, the search for
cost-effective adsorbents is a continuous process since the
cost is an essential parameter in the adsorption process [20].

This work, therefore, aims to explore the feasibility of
utilizing waste optical discs as a resource in the fabrica-
tion of adsorbent to treat Hg(II) ions in aqueous matrices.
The attempt includes purification of PC from CD/DVD
waste, functionalization with the amine moiety, and sub-
sequent adsorption studies. The adsorption behavior of
Hg(II) ions was investigated at various experimental con-
ditions using response surface methodology (RSM), where
the influence factors, that is, the initial concentration of
the Hg(II) ions (IC), pH, and contact time (CT) were opti-
mized within the practical range. Contrary to the conven-
tional one factor at a time method, RSM assesses the effects
and interactions of multiple factors simultaneously, hence,
providing a better understanding of the experimental
variables at reducing time and cost [21,22]. The adsorp-
tion isotherms and kinetics of Hg(II) ions adsorption onto
the aminated PC were also investigated. To the best of
our knowledge, the potential of waste-derived aminated
PC as an adsorbent has not been reported.

2. Methodology
2.1. Chemical reagents

All the chemicals used were of analytical grade.
Hydrochloric acid, nitric acid, disodium hydrogen phos-
phate, sodium dihydrogen phosphate, hexamethylenedi-
amine (HMDA), ethanol, methanol, dichloromethane were
purchased from Merck (Germany). Hg(Il) standard solu-
tion 1,000 mg L™ was obtained from Sigma Aldrich (USA).
All solutions were prepared using ultrapure water (UPW)
produced from the ELGA water purification system. Various
concentrations of the working standard solutions were
prepared by diluting the stock solution using UPW. The
pH of the solution was adjusted using the phosphate buffer.

2.2. Recovering polycarbonate from waste optical discs

The coating and label on the surface of the waste opti-
cal discs were first removed mechanically. The cleaned
discs were then cut into small pieces and washed sequen-
tially with 10% acetic acid solution, 5% sodium hydroxide
solution, UPW, and dried at 80°C for ~12 h. The PC was
purified by dissolving 1 g cleaned discs in 20 mL dichloro-
methane. The obtained solution was then filtered into
30 mL of methanol to precipitate the recovered polycar-
bonate (RPC). The collected RPC was thoroughly washed
with UPW, dried at 80°C for ~12 h, sieved, and stored
under a desiccator [23].

2.3. Amination of the recovered polycarbonate

The RPC was subjected to the amination reaction at
room temperature (30°C * 1°C), as reported by Delinder
et al. [24] with little modification. 1 g of RPC was first
suspended in 20 mL of various concentrations of HMDA
ranging from 1 to 3 wt% in water in tightly sealed 50 mL
glass vials. The vials were shaken using an orbital shaker
at 50 rpm for ~12 h. After that, the suspensions were
allowed to incubate for 48 h to ensure reasonable amina-
tion on the RPC substrate. The aminated RPC (ARPC) was
washed with ultrapure water to remove excess HMDA, and
the resultant ARPC was vacuum-dried, sieved, and stored
in a desiccator before being used.

2.4. Characterization studies

The polymer samples were subjected to the follow-
ing characterization and analysis: chemical functionality
was evaluated by an attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectrometer (Perkin Elmer
Spectrum 400, USA) for wavenumbers within 450—4,500 cm™;
thermal behavior was investigated by using a simultaneous
thermal analyzer (Perkin Elmer STA 6000, USA); surface
morphology and elemental composition were examined
using field emission scanning electron microscopy (FESEM,
Hitachi SU8200, Japan) and energy-dispersive X-ray spec-
troscopy (EDX); The surface-specific area and porosity
were analyzed using Brunauer-Emmet-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods using an acceler-
ated surface area and porosimetry system (Micromeritics
ASAP 2020, USA); concentration of Hg(Il) ions was
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determined using a reducing vaporization mercury analyzer
(Nippon Instruments Corporation RA-3, Japan).

2.5. Response surface methodology

Box-Behnken design (BBD), which is one of the response
surface designs, was employed to explore the effect of
experimental variables on Hg(II) adsorption removal. The
targeted factors, including initial Hg(II) ions concentration
(IC), solution pH, and contact time (CT), were investigated
within the practical range at low (-1), middle (0), and high
(+1) levels as presented in Table 1.

The design matrix was generated and analyzed using
JMP 12.2 (SAS), where the following second-order polyno-
mial model was postulated (Eq. (1)):

K k Kk k
y=bo+zbfx,-+zbiix?+zzbi,-xij+e @
in1 in1 '

i=1 j=i

where y represents the response (percent Hg(II) ions
removal), b, is the main effect, b, is the quadratic effect, b,
is the two-way interaction, and e is the random error [25].
The details can be found in Table S1. The fit of the regres-
sion model was assessed by the coefficient of determina-
tion (R?), adjusted R? root mean square error (RMSE), and
analysis of variance (ANOVA), Student’s {-test as practiced
elsewhere [26-28].

2.6. Adsorption experiments

The adsorption data was collected via batch adsorp-
tion experiments. Based on the preliminary test, the
250 pum-sieved ARPC demonstrated the highest removal
efficiency as compared to those 300 and 600 um (Fig. S1).
The adsorption experiment was therefore conducted accord-
ing to the designed treatments using 250 um-sieved adsor-
bents in 25 mL of the respective Hg(II) ions solutions
under sealed vials. Briefly, the mixtures were shaken at
150 rpm with an orbital shaker, and the residual concentra-
tion of Hg(II) ions were recorded at desired contact time.
The percent Hg(II) ions removal (y) was calculated using
Eq. (2) [17]:

y= COC_ iy 100% )

Table 1
Level of the selected parameters used in the BBD

Factors Coded levels of parameters
-1 0 1

Initial Hg(II) ions 1 55 10

concentration (mg L) (x,)

PH (x,) 4 6 8

Time (min) (x,) 10 50 90

where C; and C, represent the concentrations of Hg(II) ions
(mg L™) at initial and at time .

2.7. Adsorption isotherm studies

The adsorption equilibrium experiments were also
conducted in batch mode, which consisted of individual
mixtures of 50 mg of ARPC (250 um) in 25 mL Hg(II) ions
solution at the concentration ranging from 1 to 10 mg L.
The adsorption process was carried out at pH 7 and room
temperature (30°C + 1°C). The mixture was shaken using
an orbital shaker at 150 rpm for 12 h. The supernatant was
retrieved, and the equilibrium adsorbed Hg(II) ions per
unit mass of ARPC was expressed as Eq. (3):

Q =—"—=xV ®)

where C and C, is the concentration of Hg(Il) ions (mg L™)
at equilibrium; m (g) is the amount of adsorbent, and V (L)
is the volume of the aqueous solution. In order to investigate
the adsorption behavior of Hg(Il) ions on ARPC, the fitting
of experimental data was attempted using the Langmuir,
Freundlich, and Temkin isotherm models [21].

2.8. Adsorption kinetic studies

Batch adsorption, as described in the previous section,
was adopted to illustrate the effect of contact time and the
kinetic model. The data collected between 10 and 100 min
were fitted to pseudo-first-order (PFO), pseudo-second-
order (PSO), and intraparticle diffusion models [29].

2.9. Investigating the effect of real water matrix

The efficiency of ARPC for the removal of Hg(Il) in
real water samples was investigated using different water
samples, including UPW, tap water, (TW) lake water
(LW), mineral water (MW), and drinking water (DW). All
the tests were performed in batch mode under the opti-
mum settings. The supernatant was separated from the
adsorbent, and the concentration of the remaining Hg(II)
ions was evaluated.

2.10. Desorption and reusability study

To assess the economic viability of ARPC, four desorbing
agents, including 0.75 M thiourea in 2% HCI, 1.5 M HNO,,
1.5 M H,SO,, and 1.5 M HCI were employed to desorb the
Hg(I) from the Hg(Il)-loaded ARPC. Before each desorp-
tion test, the spent adsorbent was prewashed with UPW to
remove any Hg(II) ion that was not adsorbed and allowed to
dry under vacuum for 12 h. The percent Hg(II) ion recovery
was calculated using Eq. (4) [30,31]:

%Hg (II) recovery

_ [ Amount of Hg(H) desorbed
| Amount of Hg(II) adsorbed

] x100% (4)
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The regeneration study was carried out using 0.75 M
thiourea in 2% HCI because of its high regeneration ability.
The adsorption—-desorption process was carried out each
cycle with fresh Hg(II) solutions [32]. The same process was
repeated consecutively for four cycles.

3. Results and discussion
3.1. Characterization studies of the prepared adsorbents

The RPC reacted with the HMDA for ~60 h to produce
the ARPC. The proposed reaction between the amine and
the RPC is proceeding via nucleophilic substitution on the
ester group O—(C=0)- of the PC with a chain scissoring
to form a terminal hexylaminocarbamate. The proposed
reaction is illustrated in Fig. 1.

The FTIR spectra of PC and ARPC are presented in Fig. 2.
The peak at 1,766 cm™ is attributed to carbonyl (C=O) of the
ester group. The peaks at 1,216; 1,186; and 1,155 cm™ rep-
resent the symmetrical and asymmetrical stretching vibra-
tions of the ester groups of PC. Also, the peak observed
at 1,503 ecm™ is attributed to the aromatic ring of PC [33].
Typically, the ARPC also shared the characteristic spectral
peaks of the PC. The stretching vibration of the C-C bond
of the phenyl group was observed at 1,598 cm™ in the RPC
[34]. This peak was replaced by two new peaks at 1,619
and 1,570 cm™ attributed to the C-N vibration suggesting
a successful amination reaction [35]. The intensity of these
two peaks was found to increase with increasing HMDA
loading on the ARPC.

The ARPC-Hg vibrational peak, on the other hand,
depicted some variations from those of the ARPC. For
instance, the peaks that attribute to the ester group were
found to be shifted to 1,239; 1,212; and 1,173 cm™. Again, the
aromatic ring vibration was shifted from 1,503 to 1,507 cm™.

[ s (o CH &t
OO 010
| w ¢
H2N—(CH2)E—N'H2 HaN—{(CH,)s—NH,

N/(CHZ

Fig. 1. Schematic of amination reaction of RPC and HMDA.
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The peaks attributed to C-N ground were also found to be
shifted from 1,619 and 1,570 cm™ to 1,611 and 1,573 cm™.
These changes could be attributed to the adsorbed Hg(II)
ions onto the adsorbent.

The TGA as well as the derivative thermogravimet-
ric (DTG) results of the polymers are presented in Fig. 3.
A similar degradation pattern of the RPC [23] is depicted
by ARPC 1% HMDA loading with an initial weight loss of
~79% occurring around 320°C to 531°C. The ARPC with
2% HMDA and ARPC with 3% HMDA loadings exhib-
ited major degradation beginning at a much lower tem-
perature (250°C—450°C) with a mass loss of about 74%.
A second minor degradation occurring between 450°C
and 700°C with about 16% weight loss was observed in
all three polymers. The aminated polymers (ARPC) suf-
fer a higher percentage of weight loss compared to the PC
(81%) [34]. The observed mass losses might be related to
the loss of volatiles in addition to the decomposition of the
polymer matrix [35]. An increase in the HMDA % loading
lowers the onset temperatures of the adsorbent. In other
words, the presence of the HMDA lowers the decom-
position temperatures of the polymers. This increase in
weight loss confirms the successful amination of the RPC.

The FESEM images of surface morphology of RPC and
ARPC are available in Fig. S2 and b. A significant variation
was observed in the porous microstructures of these two
materials. For RPC, the surface is covered with clusters of
non-uniform micro-pores of RPC particles of various sizes;
whereas the micrograph of the ARPC shows a rough surface
covered by irregular shallow cavities. The difference in the
morphological images reveals the changes in the surface
property, which reflects the surface modification of RPC.
At the same time, the EDX results (Table S2) confirmed
the presence of nitrogen (N) in the aminated products as
compared to RPC that contains carbon (C) and oxygen (O)

2(HN—(CHz)z—

Hexamethyldiamine

NH2)

FO- OO h@

CH,
N/(CHz)e \@ HQN/(CHz)G
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Fig. 2. FTIR spectra of RPC, ARPC with various % HMDA loadings, and ARPC 3% (HMDA)Hg.
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Fig. 3. TGA and DTG thermograms of ARPC.

only. Based on the data, the content of nitrogen in ARPC
increased from 19% to 25% when the concentration of the
HMDA was adjusted from 1% to 3%. The highest amina-
tion rate achieved under the current experiment setting was
with 3% HDMA. Table S2 indicates the presence of Hg on
the spent adsorbent surface which implied the adherence
of Hg(II) ions onto the ARPC surface.

From the N, adsorption/desorption isotherms, the calcu-
lated BET surface area of ARPC was 3.81 + 0.17 m? g7'; this
is higher than that of the unmodified RPC [23]. Compared
to other reported adsorbents [20], ARPC depicted a consid-
erably high specific surface area indicating its potential as a
good adsorbent for Hg(II) ions.

3.2. Response surface modeling

In line with the designed experiments, the second-order
polynomial function about the removal efficiency and the
three controlled variables is presented in Eq. (5):

§/=56.49 —20.93X, +12.66X, +3.05X, +8.12X,X,
+0.42X,X, - 2.01X,X, +7.66X> + 4.46X> +14.24X3 )

where § is the predicted percentage of Hg(II) ions removal;
X, X,, and X, are the initial Hg(II) ions concentration, pH,
and initial contact time in the coded unit. The ANOVA
results (Table S3) reveals a relatively large F-ratio of 5.85
(P = 0.03), which signify the capability of the above model
in addressing the response variation; at the same time, the
potential in representing the actual relationship between
those independent variables and the response [22]. Briefly,
the model managed to explain about 91% of the response
(R? = 0.913) variability with an RMSE of 10.7. According to
Alslaibi et al. [36], the closer the R? value to unity and the
smaller the RMSE, the more accurate the predicted response,
which indicated that the model performance is reasonable.
Moreover, the lack of fit with a small F-ratio of 1.15 (P = 0.50)
shows it is insignificant, suggesting further the model’s
validity [37]. Considering maximizing the percentage of
Hg(Il) ions removal, the following operating conditions
are derived: from the model: initial Hg(Il) ions concentra-
tion of 1 mg L, pH value of 7, and contact time of 10 min
where the predicted removal efficiency was almost 100%.

3.3. Effect of initial Hg(II) ions concentration

Based on the regression report (Table 2), the efficiency
of adsorption removal depends strongly on the initial con-
centration of ARPC. They have an inverse relationship as
indicated by the negative regression coefficient (b,). In this
regard, the removal efficiency is higher when the IC is at a
low level due to the availability of adequate binding sites
on the ARPC; whereas at a higher IC level, along with the
increase in the number of mole of Hg(II) ions, there is a resul-
tant decrease in the number of free binding sites due to sat-
uration [18]. Such a trend has been reported in a previous
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study regarding the effect of the initial concentration of
metal ions on other sorbent materials [27].

3.4. Effect of pH

The pH of the solution affects the adsorbent surface
charge, adsorbate ionization, and thus the adsorption pro-
cess. The efficiency of adsorption removal of Hg(II) ions by
ARPC was significantly affected by the pH value (Table 2).
The removal efficiency was increased as the solution pH
increased from 3 to 8. Basically, at pH 4 and below, the
Hg(II) appears predominantly in the form of Hg(II) ions
and Hg(OH)" [38]. These mercury species, together with
H*, compete for the active sites on the adsorbent leading to
the lower removal efficiency. However, at higher pH val-
ues, Hg(OH), is the predominant species. The neutral spe-
cies does not precipitate in solution, hence interacts favor-
ably with the ARPC leading to higher removal efficiency
as observed [39].

3.5. Effect of contact time

In any adsorption process, contact time is always a cru-
cial factor to be considered. Although the main effect of CT
is insignificant (P ~ 0.46) within the experimental domain,
however, under the current study, its quadratic effect could
be significant (P = 0.05) (Table 2). By referring to the kinetic
data, the removal efficiency of Hg(II) ions was observed to
be high at the initial stage but slowed down as the equilib-
rium being approached. The rapid increase in the percent
Hg(II) ions removal at the initial stage could be related to
the availability of active sites on the ARPC surface. With
extended contact time, however, the adsorption sites grad-
ually became saturated [12,38]. After attaining equilibrium,
a slight rise in the percent removal was also noticed with
increased contact time. Such observation might be due to
intraparticle diffusion, as suggested in other studies [27].

3.6. Interaction between Hg(II) ions concentration and pH

The relationship between the two factors (IC and pH)
and the removal efficiency is presented in Fig. 4a. The sur-
face plot shows that the impact of IC and pH are not much

Table 2
Regression analysis

Terms Estimate Standard t-ratio P> |tl
error

b, (Intercept) 56.49 6.20 9.10 <0.0003*
b1 (IC) -20.93 3.80 -5.51 0.0027*
b2 (pH) 12.66 3.80 3.33 0.0207*
bs (CT) 3.048 3.80 0.80 0.4589
b2 (IC x pH) 8.12 5.37 1.51 0.1914
bis IC x CT) 0.42 5.37 0.08 0.9411
b2 (pH = CT) -2.01 5.37 -0.37 0.7234
bu (IC x IC) 7.66 5.60 1.37 0.2291
b2 (pH x pH) 4.46 5.60 0.80 0.4618
bss (CT = CT) 14.24 5.60 2.55 0.0515

*Statistically significant at the level of 0.05

interdependent, and a high removal efficiency can be
achieved around pH 7-8 at IC of 1 mg L. Increasing pH
increased the Hg(II) removal efficiency. The removal effi-
ciency was found to decrease as IC increased; this obser-
vation was more apparent in acidic solutions. Under such
circumstances, H*, Hg(Il), and Hg(OH)" contested for the
available active sites on a fixed mass of ARPC, leading to
possible saturation. When the active sites became satu-
rated, further adsorption became difficult. This trend was
similarly reported by other researchers [26].

3.7. Interaction between Hg(II) ions concentration and contact time

The effects of IC and CT on the efficiency of adsorption
removal by ARPC are illustrated in Fig. 4b. It was observed
that at IC of 1 mg L, almost 99% of the Hg(II) ions were
successfully removed within 10 min. However, the removal
efficiency rapidly reduced when the IC increased regard-
less of the setting of CT. The above observations clearly
outline that the two-way interaction between IC and CT
is not significant at all. In general, the observed higher
Hg(II) removal efficiency at the lower level of IC was
attributed to the accessibility of more vacant sites, which
created a strong concentration gradient between the Hg(II)
ions in solution and those on the ARPC [40]. This strong
concentration gradient promoted fast diffusion of Hg(II)
ions into the intraparticle matrix enabling the ARPC to
reach rapid equilibrium. Despite extending the CT, the
lower removal efficiency with increasing IC suggested
the exhaustion of the active sites, and hence, a slowed
adsorption removal Hg (II) phase. This result hinted at
the possibility of monolayer adsorption coverage.

3.8. Interaction between pH and contact time

As shown in Fig. 4c, the effects of pH and CT do not
depend on each other. In other words, no significant inter-
action between pH and CT; the trend of Hg(II) removal effi-
ciency as a function of pH is consistent throughout the CT
range. When keeping the IC at 5.5 mg L7, the graph depicts
an increase in the removal efficiency as the increase of solu-
tion pH. According to Igbal et al. [27] pH affects the type
and species of Hg(II) ions in solution and the adsorbent sur-
face charge. Consequently, it impacts the sorbate—sorbent
interaction.

3.9. Equilibrium adsorption studies

The adsorption isotherm is widely used to describe the
concept that governs the interaction between the adsorbate
and the adsorbent in an aqueous solution under stipu-
lated conditions. The adsorption equilibria were exam-
ined using three adsorption models, that is, the Langmuir,
Freundlich, and Temkin relationships. The parameters
derived by fitting the three isotherm models (Fig. 5a-c)
are presented in Table 3.

3.9.1. Langmuir isotherm model

The Langmuir isotherm describes the monolayer deposi-
tion of the adsorbate on the homogeneous adsorbent surface
with equivalent adsorptive sites [40]. According to this
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Fig. 4. Interactive effect of process variables on % Hg(II) ions removal efficiency: (a) initial Hg(II) ions concentration and pH,
(b) contact time and pH, and (c) initial Hg(II) ions concentration and pH.

model, increasing the Hg(II) ions concentration will increase
the Q until the equilibrium is established, after which, the
adsorption sites become saturated. The linear expression of
Langmuir isotherm is represented in Eq. (6):

cC, C 1
+7

Qe ) Qm QmKL

(©)

where C, is the equilibrium concentration of Hg(Il) ions;
Q,, is the maximum adsorption capacity; and K; is the net
adsorption enthalpy. Fig. 5a shows the Langmuir iso-
therm fitting of Hg(II) ions adsorption data, and the value
of related parameters are listed in Table 3. Based on the
Langmuir separation factor calculated using Eq. (7):

1

- 7
" 1+K,C, @)

The value of 0 < R, <1 (Table 3), the adsorption process
was deemed as a favorable.

3.9.2. Freundlich isotherm model

The Freundlich isotherm model describes a multi-
layer, heterogeneous adsorption on the adsorbent surface.
The model is represented by Eq. (8):

logQ, =logK, +110gCe 8)
n

where K. and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively.
According to the result, Fig. 5b, the R* for the Freundlich
model is slightly better as compared to the Langmuir iso-
therm (Table 3).

3.9.3. Temkin isotherm model

In addition, the Temkin adsorption isotherm model was
also used to reflect the interaction between the Hg(II) ions
and the ARPC. The Temkin model assumes that the adsorp-
tion energy declines linearly with the increase in coverage
of the adsorbent surface by adsorbate, as represented by
Eq. (9):

Q, :ganT +¥IHC€

T T

)

where b, is the Temkin constant, which is related to the
adsorption energy (k] mol™), K, represents the equilibrium
binding constant which corresponds to the maximum bind-
ing energy (L g), T stands for the absolute temperature
(K), and R is the gas constant (8.314 x 10~ k] mol™ K™) [41].
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Fig. 5. Adsorption isotherm model: (a) Langmuir model, (b) Freundlich model, and (c¢) Temkin model for Hg(II) ions
adsorption on ARPC.
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The Temkin constants b, and K, were obtained from the
slope and intercept of a plot of Q, vs. InC, (Fig. 5c) and
the numerical values are given in Table 3. From the result,
the equilibrium-binding constant K, was equal to 26.79 L g7,
which reflects the maximum binding energy [41]. Based on
the regression coefficient (R? = 0.9106), the Temkin model
does not fit the experimental data well.

3.10. Adsorption mechanism

The improved Hg(Il) ions removal efficiency of APRC
as compared to RPC has demonstrated the effect of surface
modification; which clueing the involvement of the incor-
porated amine functionality in the adsorption mechanism.
In this context, the adsorption of Hg(II) onto the ARPC sur-
face is plausibly the interaction between the nitrogen of the
amine group and the Hg(Il) ions. In general, the lone pair
electrons of nitrogen atoms can be donated to the coordi-
nation bonds between nitrogen and metal cations, includ-
ing Hg(II) [7,42]. The proposed interaction scheme between
the Hg(II) and the ARPC is shown in Fig. 6.

The performance of ARPC for the removal of Hg(II)
ions was compared with other adsorbents reported in the
literature. The results displayed in Table 4 indicated that
ARPC exhibits higher adsorption capacity compared to the
coconut-based adsorbents [44,45]. Similarly, the aminated
product demonstrated much higher Hg(II) ion removal
capability over the nitrated polycarbonate [23]; which is
attributed to the enhanced chelation behavior of the amine
functionality. Hence, the waste-derived aminated prod-

kl
log(Q,-Q,)=logQ, + 2.3031& (10)

where Q and Q, (mg g') are the amount (Hg(II) ions)
adsorbed at equilibrium and time f, respectively and
k, represents the PFO rate constant (min™). The PFO kinetic
parameters, including Q, and k, were estimated from Fig. 7a.
The PFO kinetic model assumes that the sorption of the
adsorbate onto the adsorbent involves physical bonding.

The experimental data were also fitted to the PSO kinetic
model that describes the adsorbate interacts with adsor-
bent through the chemisorption process. Eq. (11) represents
the PSO kinetic model:

t 1
=—+

t
Q Q K(Q)

(11)

where k, (g mg™ min™) is the PSO rate constant, which
was calculated from the intercept of t/Q, vs. t plot (Fig. 7b).
Comparing the correlation coefficients (R?), the PSO model
was the best to describe the kinetics of the Hg(II) ions sorp-
tion onto the ARPC since it shows a higher R? value than
the PFO model. It can be concluded that the adsorption

Table 4
Comparison of adsorption capacities of different adsorbents on
Hg(II) ions

uct seems to be a promising low-cost adsorbent for Hg(II) Adsorbents Q, Kf References
remediation of aqueous media. (mgg’) (mgg?)
3.11. Adsorption kinetics studies Coconut activated carbon 5.2 3.352 [43]
Coconut fiber char 1.991 - [44]
The adsorption kinetics reflect the mechanism of the Coconut pit char 3.142 _ [44]
?ctitsczirpttiorl;g)éocesz [;ZS%TE? eifperimdenltal I;i}i‘etif;g‘ti VeI Nitrated polycarbonate 0289 0261 [23]
Hed To an meuc modets. he MeUc Arrc 4924 3365  Thisstudy
model is represented by Eq. (10):
Table 3
Langmuir, Freundlich, and Temkin isotherm parameters for the adsorption of Hg(II) ions
Langmuir Freundlich Temkin
R? Q, (mgg) R, R? n Kf (mgg™ R? b, (k] mol™) K.(Lgh
0.9414 4.92 0.04 0.9989 2.01 3.37 0.9106 0.84 26.79
|CH3 (|3| H
D_@_fQ_O_C_'l P
Chy + + H © CH,
Hg™ 4 Hg* | " |
HN —CH = N—C— — | O
+ CH,
H92+ H92+ n

Fig. 6. A suggested mechanism for the removal of Hg(II) by the ARPC.
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Fig. 7. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) intra-particle diffusion models for the removal of Hg(II) ions
from aqueous medium.
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of Hg(Il) ions in this study involved the chemisorption
process.

3.12. Intraparticle diffusion kinetic models

The intraparticle diffusion model was applied to deter-
mine the adsorption behavior of Hg(Il) ions on the ARPC.
The intraparticle model is represented as follows:

Q =k t+C (12)

where, k (ng g* min®?) represents the intraparticle dif-
fusion constant, and C is the effect of the boundary layer.
The plot of Q, vs. Vt (Fig. 7c) revealed two linear portions;
the first sharp slope phase might represent the macropore
and mesopore diffusion, while the second phase probably
represents micropore diffusion due to the porous nature of
the ARPC. Again, the slower second slope suggested that
intraparticle diffusion is not involved in the adsorption.
A similar observation was made by other researchers [40].
The adsorption mechanism proceeds by initial mass trans-
fer of Hg(Il) ions species into the macropore, mesopore,
and micropore of ARPC and reaching the active sites. This
diffusion is followed by the chemisorption via electron
pair sharing between the Hg(II) ions species and the oxy-
gen and nitrogen on the ARPC, as illustrated in Fig. 6 in the
previous section.

3.13. Desorption and reusability

The reusability of ARPC in four consecutive adsorption—
desorption cycles is presented in Fig. 8. It is clearly seen
that the removal efficiency was gradually decreased after
each subsequent cycle. This observation might be attributed
to the exhaustion of some active sites on the spent adsorbent.
This observation agrees with the reports from other related
studies [45]. It can be concluded that the ARPC depicted
reasonable reusability capacity after regeneration and can

100

80

60

% Removal

40

20

239

possibly be used repetitively and efficiently as an economic
adsorbent for the removal of Hg(Il) ions from an aqueous
medium.

3.14. Application of the ARPC in real water samples

Natural water may contain different matrices that may
interfere with the Hg(II) ions removal process due to com-
petition for the active sites on the adsorbent. To examine
the performance of ARPC in the removal of Hg(II) ions in
real water samples, five different water samples including
UPW, TW, LW, MW, and DW, were spiked with 1 mg L™ of
Hg(II) ions and subjected to adsorption process under opti-
mum settings. The results presented in Fig. 9 demonstrate
around 97% to 99% removal efficiencies were achieved
considering different water samples. This implies that
the adsorbent is not affected much by the matrix effect of
aqueous samples, therefore, it is a reasonable adsorbent
candidate for wastewater remediation.

4. Conclusions

The results from this study have shown that the chem-
ically modified RPC derived from the CD/DVD waste had
the potential to remove Hg(II) ions in an aqueous solution.
With BBD and RSM, the optimum condition for the removal
of Hg(Il) ions was found as IC of 1 mg L, pH 7, and CT
of 10 min. On the basis of the higher regression coeffi-
cient value (R? = 0.9989) from the Freundlich batch equi-
librium adsorption experiments, the adsorption process of
Hg(II) ions on ARPC fitted the Freundlich isotherm model.
Thekinetic databest fitted the PSO rate equation as observed
from the regression coefficients (R* = 0.9999). The test
results on real water samples, using the waste-derived
adsorbent showed high Hg(II) ions removal efficiency on
various water samples, which suggests that the material
was not affected by matrix interference. Furthermore, the
ARPC showed high potential to be reused repeatedly for
a number of adsorption-desorption cycles. So on the basis

Cycle 1 Cycle 2

Cycle 3 Cycle 4

Fig. 8. Adsorption—desorption cycles of Hg(II) ions on ARPC using 0.75 M thiourea in 2% HCI (under optimum settings).
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Fig. 9. Removal efficiency of Hg(II) ions by ARPC from real water samples (under optimum settings).

of these experimental findings, it may be concluded that
ARPC is suitable, economical, and effective for the removal
of Hg(II) ions from aqueous media. It can therefore serve as
a potential alternative to the more expensive conventional
adsorbents. Thanks to the introduction of reactive amine,
ARPC is therefore highly susceptible for further modifica-
tion in order to serve corresponding application purposes.
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Fig. S2. FESEM micrographs of (a) RPC and (b) ARPC.

Table S2

EDS results showing elemental compositions of ARPC with various wt% HMDA treatment

Element ARPC 1% ARPC 2% ARPC 3% ARPC-Hg
Carbon (C) 66+1 64+2 65+4 67 +5
Oxygen (O) 14+1 15+1 14+2 9+3
Nitrogen (N) 19+1 22+2 25+1 24 +2
Hg - - - 0.16 = 0.06
Table S3
Analysis of variance
Source DF Sum of squares Mean square F-ratio P>F
Model 9 6,083.58 675.95 5.85 0.0330*
Error 5 577.43 115.49
C. total 14 6,661.00
Lack of fit (LOF) 3 364.992 121.664 1.1454 0.4975
Pure error 2 212.439 106.220
Total error 5 577.431
Mean of response (%) 70.55
R-square (RSq.) (R?) 0.913
R-square adjusted 0.757
Maximum RSq. (R?) 0.9681
Root mean square error (RMSE) 10.7

*Statistically significant at the level of 0.05.
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