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Abstract: Selenomethionine (SeMet) and selenocysteine (SeCys) are the most common forms of or-
ganic selenium, which is often found in the effluent of industrial wastewater. These organic selenium
compounds are toxic, bioavailable and most likely to bioaccumulate in aquatic organisms. This study
investigated the use of two adsorbent candidates (granular activated carbon (GAC) and nano ze-
rovalent iron (nZVI)) as treatment technologies for SeMet and SeCys removal. Batch experiments
were performed and inductively coupled plasma optical emission spectrometer (ICP-OES) was used
for sample analysis. Experimental data showed GAC demonstrated a higher affinity towards the
removal of SeMet and SeCys compared to nZVI. The removal efficiency of SeCys and SeMet by GAC
was 96.1% and 86.7%, respectively. NZVI adsorption capacity for SeCys was 39.4% and SeMet < 1.1%.
Irrespective of the adsorbent, SeMet is more refractory to be adsorbed compared to SeCys. Kinetics
data of GAC and nZVI agreed well with the pseudo-second-order model (R2 > 0.990). The exper-
imental data of SeCys was characterized by Langmuir model, indicating monolayer adsorption.
The adsorption capacity of nZVI for SeCys increased significantly by about 35%, with a decrease in
pH from 9.0 to 4.0, indicating that SeCy removal by nZVI is pH dependent. While electrostatic attrac-
tion is considered the driving mechanism for nZVI adsorption, GAC uptake capacity is controlled
by weak van der Waal forces. The adsorption of binary adsorbates (SeMet and SeCys) exhibited
an inhibitory effect due to the competitive interaction between contaminant molecules.

Keywords: adsorption; nano zerovalent iron; granular activated carbon; organoselenium; water;
wastewater; treatment

1. Introduction

Organoselenium simply refers to compounds that contain selenium (Se) in combina-
tion with other elements, such as carbon, oxygen, hydrogen, and nitrogen as part of their
structure. The primary form of organic Se is selenoamino acids and selenoproteins [1].
SeMet and SeCys are the most common forms by which Se-amino acids exist in the environ-
ment and are uptaken by plants and aquatic organisms [2,3]. Naturally, SeMet and SeCys
are organically bound in foods, such as nuts, yeast, eggs, liver, garlic [1,3]. In general, Se is
a trace element essential for living organism physiological processes at a concentration
range from 63–135 µg/L but exhibits toxicity outside this range of concentration [4].

In aqueous environments, organic selenium can be categorized as an emerging con-
taminant. It exists in the form of SeMet and SeCys in the effluent of industrial wastewa-
ters [5], emanating from mostly mining, oil and gas refineries and coal-fired power plants.
SeMet and SeCys are known to have higher bioavailability than inorganic selenium species
as it is readily absorbed [3,5]. As a result, the ecotoxicological effect of organic Se (SeMet
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and SeCys) in aqueous environments is increased. One of the major concerns of organic
selenium is the tendency to accumulate in aquatic organisms for an extended period of
time, resulting in the contamination of fish and wildlife diets [6]. Public health is at risk
if humans consume selenium-contaminated fish and wildlife [7]. The US EPA recently
set environmental Se threshold regulations to be reliant on biotic tissue-based concentra-
tion rather than the traditional aqueous concentration limit [8]. This regulation is key to
preventing organic Se propensity to bioaccumulate within the food-web. Therefore, it is
essential to remove organic selenium contaminants from industrial wastewaters in order
to decrease the bioaccumulation of selenium in aquatic life, the adverse impact on the
ecosystem and the threat to public health. However, there are limited options available for
the industries to meet this regulation.

To date, research on selenium remediation in aqueous media has largely focused on
inorganic selenium removal. Various treatment technologies have been explored to remove
Se from industrial wastewater. These are broadly classified into physical, chemical and
biological treatment processes [9,10]. The following studies investigated these removal tech-
nologies: elemental selenium (Se0) precipitation [11,12], iron coprecipitation methods [13],
ion-exchange [14], adsorption using mineral adsorbents [15–21], coagulation [22], electroco-
agulation [14] and photocatalytic reduction [23,24]. The biological treatment method is the
most commonly used remediation technology for inorganic Se removal [10]. The process
relies on the use of microbial mediation for selenium species removal [25–28]. However,
the presence of SeMet has been reported in the effluents of an industrial biological treatment
system [5]. It stands to reason that biological treatment techniques are among the primary
sources of organic Se pollution in wastewaters. The transformation of inorganic selenium
species to the organic form is mainly due to the microbial activities [5,29]. As a result,
the existence of organic Se (SeMet and SeCys) in wastewaters remains an environmental
contaminant of concern and the remediation techniques have rarely been researched.

So far, very few studies had investigated organic selenium removal from wastewaters.
Alain (1997) investigated the removal of selenocyanate (SeCN–) from sour crude oil pro-
duced wastewater by copper (II) salt precipitation [30]. Meng 2002 [31] studied the removal
of selenocyanate (SeCN–) from wastewater using Fe(0) filings through the formation of
elemental selenium (Se0). Sanna (2003) studied seleno-DL-methionine separation from
inorganic selenium solution using magnesium-loaded activated charcoal [32]. However,
besides our earlier study on SeMet removal [33], no previous research has investigated the
removal of SeMet and SeCys from wastewater.

This study was conducted to determine the removal of SeMet and SeCys from wastew-
aters by (granular activated carbon (GAC) and nano zerovalent iron (nZVI)) adsorption,
which have shown promise in treating inorganic selenium [34–36]. In this research, ad-
sorption kinetics and isotherms of the two adsorbents were investigated. The effects of
pH, initial adsorbate concentrations on adsorption capacities and the influence of binary
adsorption were evaluated. SeMet and SeCys were selected as probe contaminants due
to its toxicity and bioavailability in the wastewater, while the choice of adsorbents was
driven by inexpensive cost and their being environmental benign [37,38]. This is the first
study investigating the mechanism of GAC and nZVI to remove organic selenium from
industrial wastewater. The knowledge gain in this study will benefit the development of
efficient treatment processes for SeMet and SeCys using GAC and nZVI.

2. Materials and Methods
2.1. Chemicals

All chemicals employed in this study were used as received. Selenomethionine (>98%)
and selenocysteine (>98%) were purchased from TCI America. Hydrochloric acid (HCl)
(>98%), sodium hydroxide (NaOH) (>98%), nano zerovalent iron (nZVI 60–80 nm >99%)
were procured from Sigma-Aldrich Chemical Company. Granular activated carbon was
acquired from Evoqua (Pittsburgh).
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2.2. Characterization of Adsorbents

The morphological properties of the adsorbents were obtained on a scanning electron
microscope (SEM, ThermoFisher, Quanta FEG 250), as shown in Figure 1. BET surface
area and total pore volume were obtained by N2 adsorption at 77 K on a PMI Automated
Brunauer–Emmett–Teller (BET), Quantachrome ChemBet (3000 CB-SCL).
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Figure 1. SEM images of granular activated carbon (a) and nZVI (b).

2.3. Batch Adsorption Studies

Selenocysteine (C3H7NO2Se) and Selenomethionine (C5H11NO2Se) stock solution
were prepared separately by dissolving 0.5 g of both compounds in 100 mL of deion-
ized water. The stock solution was diluted appropriately to obtain working solutions of
various concentrations, as needed. The concentration of SeMet and SeCys in working
solutions, used for adsorbent dose studies, pH studies, initial adsorbate concentrations
and adsorption kinetics, was 5 mg/L. Table 1 illustrates the summary of experimental
conditions with respect to the adsorbents and their respective concentrations used for
evaluating adsorbent dose studies. The effect of pH on the adsorption of SeMet and SeCys
was investigated by conducting experiments with different pH conditions (4.0, 7.0 and
9.0). Batch experiments were performed using straight-wall glass jars of 150 mL volume.
A magnetic stirrer (VWR 200 model) was used to stir the solutions; the mixtures was
agitated at a constant shaking speed of 180 rpm in a temperature-controlled orbital shaker.
All experiments were conducted at ambient temperature. The initial pH of the solution
was adjusted by adding HCl or NaOH (1 M). At different time intervals, aliquots of 10 mL
samples were periodically taken and immediately filtered using 0.22 µm PTFE syringe
filter. The collected samples were acidified using 50% nitric acid for a resulting strength of
2% and stored at 4 ◦C before analysis. For statistical reliability, all the experiments were
conducted in duplicate, the samples were analyzed in triplicate and standard deviation
was used for error analysis.

Table 1. Summary of experimental conditions for adsorbent dose.

SeCys SeMet

Adsorbent Type GAC nZVI GAC nZVI

1 - 1 -
2 2 2 -

Dosage (g/L) 3 - 3 -
5 - 5 -
7 7 7 7
14 14 14 -
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2.4. Analysis and Equipment

The total Se concentration in the samples was analyzed using an inductively cou-
pled plasma optical emission spectrometer (ICP-OES) (Thermo Scientific icap 7000 series).
The limit of detection and quantitation for selenium was estimated as 0.005 and 0.01 mg/L,
respectively. The pH fluctuations in the system with time were measured with a pH digital
instrument symphony B20PI VWR. The analysis in this study did not distinguish between
the species of organic selenium. The total selenium concentration was measured and
analyzed.

2.5. Adsorption Kinetics

Adsorption kinetics were examined for an SeMet and SeCys initial concentration of
5 mg/L using nZVI and GAC adsorbent. An adsorbent loading rate of 7 g/L was used and
the adsorption capacity qe (mg/g) was calculated using the expression (Equation (1)):

qe =
Co − Ce

M
V (1)

where Co and Ce represent initial and equilibrium concentrations (mg/L), respectively;
M is the mass of the adsorbent (g); V is the volume of the solution (L). A pseudo-second-
order kinetic model was applied to the kinetic data; the mathematical expression is shown
in Equation (2):

t
qt

=
1

k2q2
e
+

t
qe

(2)

where qe and qt (mg/g) represent the amount of adsorbate adsorbed at equilibrium and time
(t), respectively; k2 is pseudo-second-order kinetic rate constant (g·mg−1min−1) and adsorp-
tion time (min). The initial adsorption rate h of the system is equal to k2q2

e (mg·g−1 min−1).
Equation (3) shows the pseudo-first-order kinetic model:

qt = qe

(
1 − e−kt

)
(3)

where k (min−1) is the rate constant; other parameters in the expression have been de-
fined above.

2.6. Adsorption Isotherm Studies

Adsorption isotherm studies were conducted with various initial concentrations (5 to
47.2 mg/L) for SeMet and SeCys. Freundlich and Langmuir isotherm models were used
to evaluate the adsorption isotherm. The Freundlich model describes the relationship
between the equilibrium concentration and the adsorption capacity. Equation (4) describes
the nonlinear Freundlich adsorption isotherm model [39]:

(Co − Ce)

M
V = K f C

1
n
e (4)

where Ce is the equilibrium concentration (mg/L), Co is the initial concentration (mg/L),
M is the mass of adsorbent (g), V is the volume of the solution (L), K f and n are Freundlich
constants. The left-hand side of the Equation can be determined from experimental data,
and it denotes the mass of adsorbate adsorbed per unit mass of adsorbent. The mathemati-
cal expression of Langmuir isotherm model [40] is given in Equation (5):

qe = qmKc
Ce

1 + KcCe
(5)

where qe is the adsorption capacity at equilibrium (mgSe/g), qm (mgSe/g) is the maximum
adsorption capacity, Kc (L/mg) defined the equilibrium adsorption constants and Ce is the
equilibrium concentration (mg/L). The Langmuir isotherm is based on the assumption
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that adsorption can occur at a finite number of specific localized sites (monolayer) [40].
Equation (6) can be used to evaluate the Langmuir model further [41].

RL =
1

1 + KcCo
(6)

The value of RL defines the adsorption process as irreversible when (RL = 0), favor-
able (1 > RL > 0), unfavorable (RL > 1) and linear (RL = 1).

2.7. Parameter Study

The impact of various parameters, including adsorbent dose, pH and initial adsor-
bate concentration on organic selenium adsorption were evaluated. The experimental
conditions were described in Section 2.3 and are summarized in Table 1 (adsorbent dose).
The adsorbent amount of 7 g/L was chosen for all experiments based on the optimum
dose determined in the dosage studies. For the binary adsorption experiment, a solution
containing a mixture of SeMet and SeCys was used to study the effect of organic selenium
coexistence. The initial concentration of the organoselenium was 5 mg/L each.

3. Results and Discussion
3.1. Adsorption of Organic Selenium by nZVI and GAC

The batch experiments result for the adsorption of organic selenium species (SeMet
and SeCys) using 7 g/L of nZVI and GAC are presented in Figure 2. As shown, the re-
moval of SeCys and SeMet by GAC is more effective than nZVI. After 3 h of adsorption
experiments, it was observed that 96% of SeCys and 86.76% of SeMet was removed from
water by activated carbon, while 39.44% of SeCys and less than 1.05% of SeMet was trans-
ferred to nZVI from the aqueous phase. Physisorption and chemisorption are the two
major mechanisms for activated carbon adsorption. The former is caused by relatively
weak van der Waals forces formed between the adsorbates and activated carbon’s surface.
In contrast, the latter is driven by a chemical reaction between the adsorbate molecules and
the adsorbent surface [42].
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Figure 2. Comparison of organic selenium removal using 7 g/L of GAC and nZVI, pH 7.0, at 25 ◦C
for 3 h period.



Water 2021, 13, 23 6 of 15

Conversely, the elemental iron (nZVI) removal mechanism for organic selenium
(selenoyanate) is driven by a corrosion process, which removes the dense oxide layer
and activates Fe(0) [31]. Meng [31] demonstrated that, when Fe(0) is mixed in water in
the presence of dissolved oxygen (DO), Fe(0) is oxidized to ferrous ions. The oxidation
process will give rise to ferric ions, which subsequently form loose ferric hydroxide in
water. This phenomenon is referred to as the Fe(0) adsorption process [34], and it describes
the nZVI removal mechanism of selenocyanates. In light of selenocyanate being an organic
selenium compound and has similar characteristics, such as SeMet and SeCys, it is expected
that a similar removal process may be applicable.

In comparison, GAC has better performance and can be attributed to the following
reasons—(1) activated carbon possesses a microporous structure, which can lead to large
active surface area (~1000 m2/g) [43], with BET pore volume 0.500 (cm3/g), and average
pore width 2.138 (nm). The second reason is that activated carbon-oxygen surface func-
tional groups (e.g., carboxylic and phenolic groups) can react with SeCys and SeMet to
form chemical bonds. SeMet and SeCys are known to contain amino and a carboxylic
acid; the functional groups can create hydrogen-bonding with activated carbon surface
oxygen [44,45]. Additionally, selenium has an electronegativity similar to sulfur and is
capable of forming strong hydrogen bonds identical to sulfur and oxygen [46].

On the other hand, nZVI adsorption was weak; it can be ascribed to the limited
number of active sites. The surface area is much smaller than GAC, usually less than
100 m2/g [47,48]. The adsorption of SeCys and SeMet on metals has not been reported in
the literature. However, the mechanism can possibly be understood through the published
studies on the interaction between metals, cysteine and methionine. Selenocysteine is
an analogue of cysteine with selenium in place of the sulfur, while selenomethionine is
analogue of methionine with selenium in place of the sulfur. Therefore, it is expected
that the contaminants would have similar behavior and interactions with iron. Generally,
the first steps in the adsorption of cysteine or methionine on an iron surface involve the
replacement of one or more water molecules adsorbed at the iron surfaces, followed by
the formation of iron-cysteine/methionine complexes, as shown in Equations (7)–(9) [49].
It is reported that cysteine can bond to the metal surface through sulfur, two oxygen,
and a nitrogen atom in a four-point ”quadrangular footprint”, while methionine adsorbs
on the surface with two oxygen and a nitrogen atom in a ”triangular footprint” [50].
The sulfur atom within the methionine molecule does not interact with the metal surface.
The reaction between the sulfur atom and the metal substrate can form a strong bond [50,51],
indicating that cysteine’s adsorption is stronger than methionine. Similar to methionine,
the selenium atom in SeMet is not expected to react with iron’s surface, hence no strong
bond; which explains the weak adsorption of SeMet on the surface of iron compared to
selenocysteine.

Cystein/methione(sol) + xH2O(ads) → Cystein/methione (ads) + xH2O(sol) (7)

Fe → Fe2+ + 2e (8)

Fe2+ + Cystein/methione (ads) → [Fe − Cystein/methione]2+(ads) (9)

3.2. Adsorbent Dosage

Figure 3 presents the result of the adsorbent amount study on the uptake of SeMet and
SeCys by GAC and nZVI with an initial concentration of 5 mg/L at pH 7.0. The removal
percentage of organoselenium increased with an increase in the dose of GAC and nZVI.
As shown in Figure 3, the effect of adsorbent dose on the organic selenium removal was
more significant at the lower adsorbent loadings. Approximately 86.3% of SeCys and 57.1%
of SeMet were removed by 1.0 g/L of GAC in 3 h. While 12.2% of SeCys was removed by
nZVI within the same time frame. About 72.6% and 90% of SeMet was swiftly removed
when the GAC dose was increased from 2 to 14 g/L, respectively. While 93% and 97.9%
of SeCys were adsorbed from the solution with the same GAC loading. About 39.4% and
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56.6% of SeCys were adsorbed by 7 and 14 g/L of nZVI, respectively. The increase in
the adsorption capacity of the adsorbent candidates (GAC and nZVI) is attributed to the
availability of greater surface area that drives an increase in the number of active adsorption
sites; therefore, resulting in a higher removal rate [35,38]. In contrast to nZVI adsorption,
an optimum dose of 7 g/L of GAC significantly adsorbed both contaminants.
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Figure 3. Effect of adsorbent dosage on organic selenium removal, by GAC and nZVI (initial concen-
tration of 5 mg/L, pH 7.0, at 25 ◦C).

3.3. Effect of pH

Figure 4 depicts the results of experiments conducted to determine the pH influence
on organic selenium adsorption by GAC and nZVI. The solutions pH level was measured
at pH 4.0, 7.0 and 9.0 during mixing for 3 h. As shown in Figure 4, the amount of SeMet and
SeCys adsorbed onto GAC for acidic, neutral and alkaline pH was significant. The removal
efficiency of SeCys by GAC occurred in the order of 94.7%, 96.1% and 96.8% for pH 4.0,
7.0 and 9.0, respectively. The acidic condition was observed to be slightly less favorable
for the adsorption of SeMet by GAC, corresponding to 80.3% removal. The removal of
SeMet at pH 7.0 and 9.0 solution was 86.7% and 86.6%, respectively. SeCys and SeMet
are zwitterions, containing both amino groups and carboxyl groups. The isoelectric point
(Ip) for SeMet and SeCys are 5.75 and 5.54, respectively [51,52]. Increasing the pH from
4.0 to 9.0 would change the net charge of SeCys and SeMet solution from positive to
negative and also influence the surface charge of activated carbon, leading to different
electrostatic interactions between SeCys and SeMet molecules and activated carbon. In this
study, the investigated pHs insignificantly impacted the adsorption of the two organic
selenium compounds by GAC, indicating that the adsorption of SeCys and SeMet by
GAC was not dominated by electrostatic force. The adsorption of SeCys and SeMet could
potentially occur as a result of the hydrogen bonding or the hydrophobic interaction that
exists between the hydrophobic part of SeCys and SeMet molecules and the hydrophobic
part of the adsorbent, which have been reported as mechanisms for the adsorption of amino
acids on the surface of activated carbon [53].
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5 mg/L, 7 g/L, pH 4.0, 7.0 and 9.0, at 25 ◦C).

On the other hand, the removal of SeCys and SeMet by nZVI decreased remarkably
with increasing pH, as shown in Figure 4. The percentages of SeCys adsorbed on nZVI
under different pHs are 57.8% for pH 4.0, 39.4% for pH 7.0 and 23.7% for pH 9.0. SeMet
removal rate decreased from 4.9% to less than 1% when pH was increased from 4.0 to
9.0, indicating a negative effect of an increase in pH condition. Similar findings have
been reported on selenocyanate adsorption (an organic selenium species) by nZVI [31].
Meng et al. [31] demonstrated that selenocyanate’s removal rate increased from 50% to
97% when pH was decreased from 8.5 to 5.5.

3.4. Effect of Initial Concentration

GAC performance in treating water containing different concentrations of SeMet and
SeCys at pH 7.0 is presented in Figure 5. For SeMet, 4.9 mg/L and 46.8 mg/L of initial
concentration were evaluated, while SeCys, 3.8 and 38 mg/L of initial concentration were
examined. Both forms of organoselenium were adsorbed continuously as a function of time
until equilibrium was reached. However, SeMet appears to have some desorption after 1 h,
which was typical in both concentrations (4.9 and 46.8 mg/L). The pseudo-second-order
kinetic model adequately describes the data depicted in Table 2. The correlation coefficients
(R2) value was evaluated between 0.999–1.000 (Table 2). As illustrated in Table 2, the rate
constant is between 2.50 to 1.80 for SeMet Co (4.9 and 46.8 mg/L) and 1.30 to 0.25 for
SeCys Co (3.8 and 38 mg/L), respectively. The result demonstrates that the rate constant
(K2) decreased with an increase in SeMet and SeCys concentration. When the initial
concentration is increased, the solution takes more time to attain equilibrium. The decrease
in K2, with respect to an increase in the initial concentration, can be attributed to a longer
duration that is required for the solution to attain equilibrium; a similar phenomenon has
been reported in the literature [54,55].
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Figure 5. Effect of initial concentration by GAC: (a) SeMet (Co: 46.8 and 4.9 mg/L); (b) SeCys (Co: 38 and 3.8 mg/L);
all experiments were conducted at pH 7.0, 7 g/L and 25 ◦C.

Table 2. Experimental data for adsorbate initial concentration studies with GAC adsorbent, at pH 7.0.

SeMet SeCys

Co (mg/L) 4.9 46.8 3.8 38
qe (mg·g−1) 1.32 10.54 1.23 11.40

K2 (g·mg−1·min−1) 2.50 1.80 1.30 0.25
R2 1.000 0.999 1.000 1.000

Furthermore, the experimental data also show that qe increases with higher Co, the in-
crement was significant about eight times higher as the initial concentrations of SeMet and
SeCys were varied. It can be deduced that the increase in Co provides the driving force to
overcome the mass transfer resistance between the adsorbate and solid phases [56]. It was
observed that GAC completely removed 3.8 mg/L of SeCys in 30 min, while the initial con-
centration of 38 mg/L was reduced to 4.2 mg/L in 3 h. About 30.7 and 3.6 mg/L of SeMet
were adsorbed from the initial concentration of 46.8 and 4.9 mg/L, respectively. An upsurge
in adsorption capacity as a result of an increase in adsorbate initial concentration has been
reported by Aksu [57] and Al-Ghouti [58].

3.5. Adsorption Isotherm

The adsorption data for GAC were evaluated using Langmuir and Freundlich isotherm
models. The results of both Langmuir and Freundlich models for SeMet and SeCys
adsorption are summarized in Table 3. Freundlich and Langmuir models fitted well with
the experimental data (R2 > 0.950). Figure 6a shows that the Freundlich model provided
a better fit for SeMet adsorption data compared to the Langmuir model. The correlation
coefficient (R2 > 0.996) was higher for the Freundlich model, suggesting that the adsorption
of SeMet might occur in multilayers. The parameter K f of the Freundlich model was
calculated to be 1.85, which is related to the adsorption capacity. As reflected in Table 3,
the constant n, representing the adsorption intensity, was equal to 1.55, indicating pseudo
linear adsorption [59].
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Table 3. Adsorption isotherm parameters for organoselenium by GAC.

Langmuir Model Freundlich Model

qm (mg/g) Kc (L/mg) R2 Kf n R2

SeMet 18.9 0.10 0.967 1.85 1.55 0.996
SeCys 10.0 0.32 0.999 2.52 2.14 0.950
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Figure 6. Organic selenium adsorption isotherms by GAC, pH 7.0, at 25 ◦C. (a) SeMet; (b) SeCys. The solid lines represent
model fits; inset shows a linearization fit.

On the other hand, SeCys adsorption by GAC with corresponding Langmuir plots is
presented in Figure 6b. Freundlich isotherm was also used to normalize the adsorption data.
As stated in Table 3, the isotherm data fitted better with the Langmuir model (higher coeffi-
cients of determination R2 = 0.990) in contrast to the Freundlich model, suggesting that
the adsorption of SeCys is monolayer and it occurred at localized sites [53,57]. The max-
imum uptake capacity for the Langmuir parameter qm is 10 mg/g. The dimensionless
constant RL = 0.082, an indication that SeCys adsorption process can be considered as
favorable [41].

3.6. Adsorption Kinetics

Figure 7a shows the time-dependent data of SeMet and SeCys adsorption by GAC.
As shown in the results (Figure 7a), the equilibrium time for SeMet was 20 min, while SeCys
took longer than 50 min to achieve equilibrium, indicating that the SeCys adsorption pro-
cess was progressive. The pseudo-second-order (PSO) kinetics model (inset of Figure 6a)
was used to investigate the adsorption kinetics, the rate constant (k2) values and the maxi-
mum adsorption capacity (qe) for SeMet and SeCys, as presented in Table 4. The correlation
coefficients (R2 > 0.999) suggest that the PSO model was a good fit for the adsorbents tested.
However, when parameter h, which accounts for the initial adsorption rate, was calculated,
the value shows that SeCys adsorption was faster than SeMet adsorption (h value of SeMet
is about 33% less than SeCys).
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Figure 7. (a) Organic selenium adsorption kinetics using 7 g/L of GAC. (b) SeCys adsorption kinetics using 7 g/L of nZVI.
All experiments were conducted at pH 7.0, 25 ◦C with an initial concentration of 5 mg/L.

Table 4. Kinetic parameters of pseudo-second-order models for SeMet and SeCys adsorption.

Kinetic Parameter pH
SeMet SeCys

GAC nZVI GAC

qe (mg·g−1)

7

0.61 0.59 0.70
k2 (g·mg−1·min−1) 24 0.012 28

R2 1.000 0.998 0.999
h (mg·g−1·min−1) 8.81 0.004 13.27

The adsorption kinetics of SeCys by nZVI are depicted in Figure 7b. The experiment
was performed for 54 h to allow enough time for equilibrium. However, equilibrium
was not achieved because the adsorption process was very slow (Table 4). The pseudo-
second-order kinetics model showed a good fit for SeCys adsorption data (R2 > 0.998).
Contrary to GAC adsorption, nZVI removal efficiency was found to increase slowly until
a final adsorption efficiency of 85% was achieved. Overall, GAC kinetics was very swift
compared to nZVI, which can be explained as an outcome of a more significant adsorption
site [43].

3.7. Binary Adsorption of SeMet and SeCys

The effect of the coexistence of SeMet and SeCys on wastewaters was investigated
using 7 g/L of GAC and nZVI. The initial concentration of organic selenium in the mixture
was 10 mg/L (comprising 5 mg/L of SeMet and SeCys each), and the pH of the solution
was 7.0. The result presented in Figure 8 shows that GAC and nZVI removed 8.9 mg/L and
1.5 mg/L of Se from the mixture of SeMet and SeCys, respectively, in 3 h. On an individual
basis, GAC removed 4.8 mg/L of Se from SeCys solution and 4.3 mg/L of Se from SeMet
solution. While nZVI adsorbed 1.9 mg/L of Se from SeCys and 0.1 mg/L of Se from
SeMet. The result shows that the total Se removed by GAC from the mixture of SeMet and
SeCys solution was lower compared to the sum of Se adsorbed in a single solute system.
This phenomenon is an indication of competition between different molecules for available
adsorption sites on GAC surface [60,61]. Conversely, the adsorption of SeMet by nZVI in
a single solute system was very weak, indicating that the competing effect for active sites
on the surface of nZVI was negligible. The inhibition effect of SeMet on the adsorption of
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SeCys by GAC and nZVI can possibly occur as a result of the interaction between SeCys
and SeMet in the binary system. Organic selenium speciation was not determined in this
study; hence, the selenium species removed from the mixture was unknown.
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Figure 8. Binary adsorption of SeMet and SeCys by nZVI and GAC, initial concentration of 10 mg/L,
7 g/L at pH 7.0 and 25 ◦C.

4. Conclusions

The adsorption of SeMet and SeCys by GAC and nZVI under various conditions—
different pHs, adsorbate initial concentration, adsorbent dosage, and binary adsorption
were investigated. GAC demonstrated a higher affinity towards the removal of SeMet and
SeCys, and was, therefore, considered a better adsorbent candidate. An optimum dose of
7 g/L of GAC was found to remove both contaminants effectively. Change in pH had no
significant impact on SeCys removal by GAC; nevertheless, more than 93.99% removal
was achieved at all pH tested. In the case of nZVI, pH change substantially influenced
the adsorption capacity—at pH 4.0, about 57.8% of SeCys was removed. An increase
in adsorption capacity with a decrease in pH value was observed for SeMet removal by
nZVI. SeCys adsorbed more readily into nZVI compared to SeMet—for all conditions
evaluated, SeMet removal by nZVI was less than 5%. The pseudo-second-order kinetics
model characterized the adsorption of organoselenium by both adsorbents. The fastest
adsorption kinetics was observed with GAC under neutral pH, where an instantaneous
removal of organic selenium was observed. Binary adsorption of SeCys and SeMet indicates
an inhibitory effect on SeCys removal by SeMet. The adsorption data fitted well with both
Langmuir and Freundlich isotherm models.
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