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Abstract: The biosorption of Cd, Co, and Cu onto three microalgae species (Chlorella vulgaris,
Scenedesmus sp., and Spirulina platensis) was compared to determine the microalgae’s capability
for heavy metal adsorption in acidic and neutral environments. The Langmuir, Freundlich, and
Dubinin—-Radushkevich isotherm models were used to characterize the adsorption of the heavy
metals onto microalgae. The maximum adsorption capacity (Jmax) determined using the Langmuir
and D-R model showed results in the order of Cu > Co > Cd in both acidic and neutral conditions. A
shift from acidic to neutral conditions increased the microalgae’s adsorption affinity for heavy metals,
as determined using the Freundlich parameter (Kp). The adsorption affinity of the biomass for Cd
and Co was in the order S. platensis > C. vulgaris > Scenedesmus sp. while that of Cu was in the order
C. vulgaris > Scenedesmus sp. > S. platensis. In addition, it was found that the adsorption of Cd and Co
enhanced the production of Dissolved Organic Content (DOC) as a byproduct of biosorption, whereas
the adsorption of Cu appeared to suppress the generation of DOC. The mean adsorption energy (E)
values computed by the D-R model were less than 8 (k] /mol), indicating that physisorption was the
primary force of sorption in both acidic and neutral settings. The findings of this study suggest that
microalgae may be used as a low-cost adsorbent for metal removal from industrial effluent.

Keywords: biosorption; heavy metals; microalgae; adsorption models; acidic environment;
neutral environment

1. Introduction

Heavy metals are elements with high atomic weights and densities that are at least five
times greater than that of water [1]. They are naturally present in soils in small amounts;
however, their excessive accumulation can degrade soil quality and harm surface plants [2].
Due to the increasing awareness of the detrimental impacts of global warming on the
environment, there has been a global initiative to implement significant reforms in the
transportation and energy sectors. Over the past decade, the worldwide proportion of new
passenger electric vehicles (EVs) has surged, growing by approximately 50% annually [3].
Furthermore, the energy sector has undergone substantial transformations, marked by the
expansion of solar and wind energy plants [4,5], both reliant on batteries for efficient energy
storage. Consequently, there has been a heightened demand for Cadmium (Cd), Cobalt
(Co), and Copper (Cu) to manufacture EV batteries, as well as storage systems for solar and
wind energy. Cd finds widespread use in rechargeable batteries [6,7], particularly in Nickel-
Cadmium (Ni-Cd) batteries, commonly employed in accessories like phones, laptops, and
other durable devices. Co is a key component in the production of EV batteries [8,9], while
Cu is commonly utilized in the construction of wires for current circulation in both EVs and
power plants [10]. The rising demand for these metals has resulted in their accumulation
in wastewater. The adverse effects of heavy metals encompass water source contamination,
toxicity to aquatic life, and bioaccumulation in the food chain, which pose significant health
risks to humans and wildlife [2,11].
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Significantly, these metal deposits are often concentrated in economically developing
nations [12], including the Democratic Republic of the Congo (DRC), Peru, Zambia, and
Indonesia. Undertaking the removal of metal ions from mine effluents poses an economic
challenge for these countries, given the limitations of conventional methods such as reverse
osmosis, electro-dialysis, solvent extraction, and the like. Consequently, the extraction of
these minerals frequently results in the inadequate treatment of mine effluents, leading
to their improper disposal and eventual contamination of surface waters [13-17]. The
consumption of water contaminated with heavy metals has been associated with various
diseases, including Sclerosis, Alzheimer’s, muscular dystrophy, and cardiovascular dis-
eases [18]. To mitigate the occurrence of such illnesses, it is crucial to explore cost-effective
metal removal techniques that can be easily implemented on a small scale by members of
local communities facing water pollution issues due to mining activities.

Adsorption is the process of removing molecules or ions from a gas or liquid by bind-
ing them to the surface of another substance. The attached molecule or ion is referred to as
the adsorbate, while the surface to which they adhere is the adsorbent. Adsorption serves
as a cost-effective alternative to traditional methods of metal removal from wastewater,
given the versatility of potential adsorbents spanning from materials such as corncob,
coffee beans, rice husks, stone powders, and even microorganisms like microalgae [19-22].
Compared to traditional physiochemical methods of heavy metal removal, microbial reme-
diation is recognized as an effective and eco-friendly approach. It offers several advantages
including high efficiency, cost-effectiveness, and minimal environmental impact [11,23,24].

Microalgae, unicellular microorganisms utilizing light energy and carbon dioxide for
development, prove to be effective adsorbents due to their ease of cultivation and multi-
functional capabilities. Microalgae not only adsorb molecules but also contribute to carbon
dioxide consumption and the utilization of agricultural byproducts like phosphorous and
nitrogen [25]. Despite their advantageous features, microalgae pose a growing national
water threat in many developing nations due to algal blooming and eutrophication [26].
Elevated concentrations of microalgae can lead to oxygen depletion in water bodies, caus-
ing harm to aquatic life, including the death of fish. However, repurposing microalgae as
adsorbents transforms this potential environmental threat into a valuable resource.

While various studies have explored heavy metal adsorption using microalgae [22,27-33],
these investigations often focused on specific pH conditions—either acidic, neutral, or alka-
line. For instance, Aksu et al. [28] examined Cd adsorption onto C. vulgaris at pH 4, report-
ing the maximum adsorbed concentration (§max) of 770.4 mmol/kg. Hockaday et al. [34]
studied the adsorption of Cd and Cu onto biomass at pH 6, obtaining gmax values of
98.4 mmol/kg for Cd and 400.2 mmol/kg for Cu with C. vulgaris, and gmax values of
219.90 mmol/kg for Cd and 152.6 mmol/kg for Cu with S. obliqguus. Additionally, Bor-
doloi et al. [35] investigated Co adsorption by microalgae-based biochar at pH 5, yielding a
gmax value of 11.4 mmol/kg. Given the significant impact of pH on heavy metal adsorption
by microalgae, influencing the charge density of the cell wall and functional groups on
cell surfaces, there is a need to characterize heavy metal adsorption mechanisms across
different pH values.

This study aims to build upon prior research on heavy metal adsorption by character-
izing the adsorption mechanisms of Cd?*, Co?*, and Cu®* onto three prevalent microalgae
strains (C. vulgaris, Scenedesmus sp., and S. platensis) under both acidic (pH 4) and neu-
tral (pH 7) conditions. Utilizing the Langmuir, Freundlich, and Dubinin—-Radushkevich
Isotherm models, the objective is to enhance understanding of the differences in sorption
mechanisms among the three microalgae strains for these cations. The inclusion of both
acidic (pH 4 in this study) and neutral (pH 7) environments is crucial to account for po-
tential Acid Mine Drainage (AMD) in effluent exposed to sulfur-enriched rocks, as well as
instances where rocks lack acid-forming minerals [36].
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2. Materials and Methods
2.1. Cultivation of Microalgae

Isolated species of C. vulgaris (KTC No. AG10052), Scenedesmus sp. (KTC No. AG20456),
and S. platensis (KTC No. AG608369) were purchased from the Korean Collection for Type
Cultures. C. vulgaris and Scenedesmus sp. were cultivated using Blue-Green 11 (BG-11)
growth medium, which comprises NaNOs, K,HPO,-3H,0, MgS0O,-7H,0, CaCl,-2H,0,
citric acid, ferric ammonium citrate, Na;CO3, and a trace metal mix containing H3BOj3,
MI’IC12~4H20, ZI’ISO4~7H20, NazMOO4'2H20, CuSO4~5H20, and CO(NO3)2'6H20, while S.
platensis was cultured using Spirulina-Ogawa-Terui (SOT) growth medium, which com-
prises NaHCO3, N32CO3, NaNO3, K2HPO4, KZSO4, NaCl, MgSO4-7H20, CaC12~2H20,
and a trace metal solution containing FeSO,-7H,O and EDTA. The microalgae strains were
nurtured in photo batch reactors (PBRs) with LED strips as the light source. The LED lights
were adjusted to provide continuous illumination for only 12 h each day, allowing the
microalgae strains to undergo both light and dark cycles of biomass growth. The batch
reactors were operated at 20 °C and continuous aeration was provided to the biomass
through aeration tubes with high-efficiency particulate air filters.

2.2. Recovery and Processing of Biomass

After approximately 35 days of cultivation, the microalgae were harvested and dewa-
tered using a centrifuge (UNION 32R PLUS, Hanil Science Co., Ltd., Daejeon, Republic of
Korea). To prevent lipid expulsion from the biomass, C. vulgaris and Scenedesmus sp. under-
went centrifugation at 3000 rpm for 5 min, while S. platensis was centrifuged at 4000 rpm for
8 min in 250 mL centrifuge tubes at 18 °C. The dewatered biomass was then washed with
deionized water and dewatered again. This process was repeated three times to eliminate
minerals from the growth media in the biomass. The dewatered biomass was freeze-dried
at <20 Pa and —80 °C for 12 h using a freeze-dryer (Yamato scientific freeze-dryer, Tokyo,
Japan). Following the freeze-drying, the biomass was ground using a motor and pestle and
sieved through a 212-micron test sieve. The residue on the sieve was ground again, and the
procedure was repeated until all the biomass was crushed to 0.212 mm or smaller.

2.3. FT-IR Characterisation of Biomass

Surface functional groups of the biomass were characterized using Fourier Transform
Infrared (FTIR) spectrometry (Bruker Equinox 55 FT-IR spectrometer, Berlin, Germany)
that was outfitted with a deuterated triglycerine sulfate detector and an HTS-XT high-
throughput microplate extension. The spectral range covered was from 4000 to 400 cm ™!,

with each spectrum being an average of four co-added scans.

2.4. Preparation of Stock Solution

Cd(NOs3),-4H,0, Co(NO3),-6H,0O, and CuSO4-5H,O were dissolved in deionized
water to prepare 2000 mg/L Cd?*, Co?*, and Cu?* stock solutions, respectively. The stock
solutions were further diluted to the desired concentrations for subsequent experiments.

2.5. Biosorption Experiments

Biosorption isotherm experiments were carried out in 50 mL polycarbonate vials
(Nalgene Co., Rochester, NY, USA). Each vial contained 0.05 g of biomass measured
gravimetrically and was filled with about 50 mL of metal solution without head space
to minimize unexpected oxidation. The pH of the solution was adjusted to pH4 and
pHY for acidic and neutral conditions, respectively, using HNO3; and NaOH. The initial
concentration of the metal solutions was set from 0.24 to 1.8 mmol/L for Cd%*, from 0.42 to
3.45 mmol/L for Co?*, and from 0.39 to 3.25 mmol /L for Cu?*.

The pH edge experiment was also conducted to determine the influence of pH on the
metal adsorption at a pH range from 4 to 9.5 in the metal solution with metal concentrations
of 0.44, 0.85, and 0.81 mmol/L for Cd%*, Co?*, and Cu?*, respectively. The vials containing
the mixture of biomass and metal solution were tightly capped and shaken in an orbital
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shaker at 120 rpm for 24 h. After mixing, the vials were centrifuged and filtered through a
0.2 um syringe filter (Whatman, cellulose nitrate membrane filter) for analysis. The amount
of metal ion (mmol/kg) adsorbed onto the biomass was calculated using the formula below:

o = SV )

where Cy and Ce represent the initial and the equilibrium metal concentrations (mmol/L)
after 24 h of shaking, respectively. ge (mmol/kg) describes the adsorbed concentration in
biomass. V represents the sample volume (L), and W represents the weight of the biomass
(kg). All experiments were carried out in duplicate.

2.6. Analytic Methods

The metal concentration in the aqueous phase was measured using capillary elec-
trophoresis (PrinCE-760, Emmen, The Netherlands), operated in the indirect capillary zone
electrophoresis method (Indirect CZE). Briefly, the samples were injected into a 30 cm long
silica fused capillary with a detector window at 22 cm for 6 s at 25 millibars. Thereafter,
a separation voltage of 30 V was applied between the two ends of the capillary, and an
analysis was run for 3 min. The buffer solution used 30 mM of glycolic acid and 10 mM of
benzylamine [37].

2.7. Biosorption Isotherm Models

The Langmuir isotherm model is employed to describe the adsorption of solutes onto
an adsorbent with a finite number of adsorption sites. This model assumes monolayer
adsorption and a constant heat of adsorption for all the adsorption sites. The Langmuir

model is written as:
_ QmeLCe
e 1+b.C,

where g1, (mmol/kg) describes the maximum adsorption capacity, by, describes the Lang-
muir constant associated with site energy, and C. (mmol/L) represents the equilibrium of
heavy metal in the solution [21,22].

The Freundlich model assumes heterogeneity and exponential distribution of energy
and adsorption sites. The Freundlich model is written as:

(2)

ge = KpCo* 3)

where K [(mmol/kg)/(mmol/ L)NF] denotes the Freundlich sorption coefficient, C, (mmol/L)
represents the equilibrium concentration of the heavy metal post-adsorption, and Np
denotes the Freundlich exponent [22,38].

The Dubinin-Radushkevich (D-R) isotherm model [39] is used to describe the sorption
of molecules onto microporous surfaces. The D-R model is written as:

e = qmp exp(—Pe*) = qup exp

1 2
~B(RTIn(1+ <)) ] @

e

where gp,p (mmol/kg) describes the maximum adsorption capacity, £ represents the activity
coefficient of the sorption energy in the form (mol?/]J?), ¢ is the Polanyi potential, R is the
gas constant taken at a value of (8.314 ] /mol/K), and T denotes the temperature in kelvins
(K) [38].

€= RTln(l + (1:> (5)
E=— (6)

where E is the energy of sorption as described in the D-R isotherm model.
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Final pH - Initial pH

2.8. Determination of the Point of Zero Charge (pHpzc)

To determine the pHp,c, 0.02 g of each biomass species was mixed with 50 mL of
0.1 mol/L NaCl solution. The initial pH (pH;) of the solution was adjusted to values
ranging from 2 to 12 in separate vials. After 48 h of mixing, the final pH (pHj) of each vial
was measured [22].

2.9. Determination of DOC

To ascertain the amount of dissolved organic carbon (DOC) generated by the biomass,
samples from the batch reactors in each experiment were filtered. The concentration of
DOC in the filtered solution was then assessed at 6 h, 12 h, and 24 h using a total organic
carbon analyzer (TOC-L, Shimadzu, Kyoto, Japan).

3. Results and Discussion
3.1. Effect of pH on the Adsorption of Heavy Metals by Biomass

In Figure 1, the results are depicted concerning the point of zero charge (pHpc). It
was observed that the pHy,c of C. vulgaris, Scenedesmus sp., and S. platensis were approxi-
mately 6.96, 6.80, and 6.99, respectively. Previous studies have indicated that at pH levels
below pHp,, the functional groups on the surface of biomass are tightly bound with the
H3O" ions in the aqueous solution [22]. However, as the pH surpasses the PHpzc, the
outer layer of the biomass undergoes deprotonation, exposing the negatively charged
functional groups [40-42]. The exposed functional groups can then interact with heavy
metals, facilitating the formation of bonds [22].

(A) C. vulgaris

6.96

3 3

(B) Scenedesmus sp. (C) S. platensis

2 4

6.80 6.99

Final pH - Initial pH
. o

Final pH - Initial pH
o

6 8

Initial pH

10 12 2 4 6 8 10 12 2 4 6 8 10 12
Initial pH Initial pH

Figure 1. Results of the pHp,. of (A) C. vulgaris, (B) Scenedesmus sp., and (C) S. platensis.

Furthermore, as depicted in Figure 2, the adsorption of heavy metals onto C. vulgaris,
Scenedesmus sp., and S. platensis showed a dependence on pH. Increasing pH led to an
increase in the adsorption capacity of the biomass for Cd, Co, and Cu. This effect can
be attributed to higher concentrations of H3O™ ions in the aqueous solution at lower pH
levels, which compete with heavy metal cations for available adsorption sites, consequently
limiting the number of unoccupied adsorption sites on the biomass surfaces [43]. As
the pH transition from acidic to alkaline, the concentration of hydronium ions in the
solution decreases, reducing competition for adsorption sites. Additionally, it was noted
that at pH values above 9.5, 9.0, and 7.5, precipitation, rather than adsorption, became the
predominant removal mechanism for Cd, Co, and Cu, respectively.
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Figure 2. Influence of pH on the biosorption of (A) Cadmium, (B) Cobalt, and (C) Copper onto
the biomass.

3.2. FTIR Spectra

The FTIR spectrum of the microalgae is illustrated in Figure 3. The band near
3300 cm~! is attributed to the N-H stretching vibrations in amides related to proteins
and the O-H stretching in water [44]. The region between 2800 cm~! and 3000 cm ™! is
indicative of the stretching vibrations of aliphatic C-H groups found in lipids and proteins,
as well as the asymmetric stretching of aldehydes [45]. The band at 1650 cm~! corre-
sponds to the C=0 stretching vibrations in protein-associated amides [44]. The peak at
1527 cm~! is due to the C-N and N-H stretching vibrations in proteins, whereas the peak at
1470 cm~! is associated with C=C stretching [44]. After adsorption, slight changes were
observed for all three strains of microalgae, between wavenumbers corresponding to the
O-H groups, the amine and amide groups, carboxyl functional groups, and C-O vibrations
in the hydroxyl groups.

The spectra provide insight into the functional groups involved in the biosorption
process. For instance, the intensity and position of the O-H and carboxyl group peaks
showed noticeable shifts, indicating their involvement in the biosorption process. Specifi-
cally, the peak corresponding to the O-H stretching vibration showed a slight shift in all
three strains of biomass after adsorption, suggesting interactions between the metal ions
and hydroxyl groups on the biomass surface. These spectral changes imply the formation
of metal-oxygen and metal-nitrogen bonds, corroborating the involvement of hydroxyl,
carboxyl, and amine groups in the metal binding process. The shifts in wavenumber and
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changes in peak intensity confirm that functional groups on the biomass surface play a
crucial role in the adsorption of heavy metals.
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Figure 3. FT-IR spectra of (A) C. vulgaris, (B) Scenedesmus sp., and (C) S. platensis before and after
biosorption of Cd?*, Co?*, and Cu?*.

3.3. Biosorption under Acidic Conditions

The adsorption data of Cd, Co, and Cu exhibited good fits (0.87 < R? < 0.99) across
all isotherm models tested with C. vulgaris, Scenedesmus sp., and S. platensis under acidic
conditions. Figure 4 and Table 1 show the biosorption isotherms and sorption parameters
of Cd, Co, and Cu onto C. vulgaris under acidic conditions, respectively. The adsorption
of metal ions onto biomass was analyzed using the Langmuir model [42,43], which as-
sumes monolayer adsorption on homogeneous surfaces. The determination coefficient (R?)
values for Cd, Co, and Cu obtained from the Langmuir model exceeded those from the
Freundlich model, indicating that the sorption of the cations onto C. vulgaris under acidic
conditions was predominantly homogenous. The Langmuir model estimated the maximum
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adsorption capacity (qmr) for C. vulgaris in the following order: Co (2172 mmol/kg) > Cu
(1917 mmol/kg) > Cd (1175 mmol/kg). The Ry, parameter of the Langmuir model indicates
the favorability of adsorption. It encompasses various scenarios: unfavorability (R, > 1),
linearity (Rp, = 1), and favorability (0 < Ry, < 1) [38]. In this study, the Ry values were
computed at the maximum initial concentration, and all produced values were consistent
with R, <1, indicating that the sorption of Cd, Co, and Cu onto C. vulgaris under acidic
conditions was favorable.

1000 1000
(A) C. vulgrais-Cd, pH4| « ¢4 (B) C. vulgrais-Co, pH 4
800 Langmuir model 800 +
— Freundlich model =
=) =) =
< 6001 — D-Rmodel < 600 1 /
o _ o]
£ ' £
é 400 - . ———— é 400 - /7 e Co
) ) 7 )
o - o Langmuir model
200 - =~ 200 Freundlich model
. —— D-R model
0+ 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.5 1.0 1.5 2.0 25 3.0
C,(mmol/L) C(mmol/L)
1000
(C) C. vulgrais-Cu, pH4 _—=
800 + =
§ -
= 600 - /
o -
IS 7
é 400 - * Cu
o Langmuir model
200 1 Freundlich model
* —— D-Rmodel
0
0.0 0.5 1.0 1.5 2.0 2.5

C,(mmol/L)

Figure 4. Isotherm results of the adsorption of (A) Cd?*, (B) Co?*, and (C) Cu?* onto C. vulgaris
under acidic conditions.

Table 1. Comparison of the isotherm parameters for C. vulgaris under acidic conditions.

Model Parameter Cd Co Cu
gmr (mmol/kg) 1175 2172 1917
by, (L/mmol) 0.617 0.306 0.507
Langmuir R? 0.947 0.95 0.97
SSE 2434 14,430 5475
RL 0.474 0.487 0.377
(mmoll{i};LN /kg) 439.7 483.7 609.8
Freundlich N(-) 1.363 1.338 1.51
R? 0.923 0.925 0.944
SSE 1375 7322 4111
gmp (mmol/kg) 647.7 1383 1347
Kgy (mol?/]?) 1.380 x 108 3.669 x 108 2.584 x 108
D-R R? 0.945 0.978 0.953
SSE 18,700 16,274 62,132
E (k] /mol) 6.019 3.691 44

The Freundlich model has been also employed to describe the sorption of cations
onto biomass [34]. It incorporates the heterogeneity of the adsorbent and the exponential
distribution of the active sites and their corresponding energies. The Kg values in the
Freundlich model describe the adsorption affinity of the adsorbent for the sorbent. As
depicted in Table 1, the K values for C. vulgaris under acidic conditions followed the order
Cu (609.8 mmol™NLN/kg) > Co (483.7 mmol"™NLN/kg) > Cd (439.8 mmol' NLN /kg).
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The D-R model is mostly utilized for characterizing the sorption of molecules and
ions onto microporous surfaces [38]. While some researchers have applied the D-R model
to elucidate cation adsorption onto microalgae, most researchers have focused on the
Langmuir and Freundlich isotherm models. However, studies that employed the D-R
model to fit their isotherm data revealed that this model could indeed be used to describe
the adsorption of metal ions onto biomass [33]. One advantage that the D-R model offers
over the Langmuir and Freundlich models is that it provides an estimate of the sorption
energy (E), which may be used to predict the mechanisms involved in adsorption. When
E is between 8 kJ/mol and 16 kJ/mol, the sorption mechanism is predominantly ion
exchange; when E is less than 8 k] /mol, the sorption mechanism is predominantly physical
in nature; moreover, when E is greater than 16 kJ/mol, the sorption mechanism is described
as chemical sorption. As presented in Table 1, it was observed that the sorption mechanism
involved in the adsorption of Cd, Co, and Cu onto C. vulgaris under acidic conditions
is predominantly physical in nature. Studies have demonstrated that physical sorption
mainly occurs due to weak van der Waals forces [38]. The gyp parameter of the D-R
model may also be used to describe the maximum adsorption capacity (§max) of the metal
ions onto biomass. The gmax values of C. vulgaris for Cd, Co, and Cu are 648 mmol/kg,
1383 mmol/kg, and 1347 mmol/kg, respectively.

As observed in Table 1, there was a discrepancy between the gp and g1, values. This
difference is attributed to the fact that the Langmuir model considers the adsorption of
metal ions onto the monolayer surface of the biomass to compute the gy, while the D-R
model computes the g,p by considering the amount of heavy metal ions adsorbed into
the micro-pores of the biomass [46]. The determination coefficients (R?) of the Langmuir
and the D-R model for each metal were compared to determine which isotherm model
provided a more accurate estimate of the actual maximum adsorption capacity (gmax)-

The relatively high R? values obtained using the D-R model in this study were ex-
plained by the fact that microalgae cell walls have a fibrillary and amorphous structure,
resulting in a sandy-like structure [33].

Figure 5 and Table 2 show the biosorption isotherms and sorption parameters of
Cd, Co, and Cu onto Scenedesmus sp. under acidic conditions, respectively. The maxi-
mum adsorption capacity values (gm1) obtained from the Langmuir model were in the
order Co (2182 mmol/kg) > Cu (2070 mmol/kg) > Cd (1027 mmol/kg). Although both
the D-R model and the Langmuir model yielded the maximum adsorption capacity of
the adsorbed metal ions onto Scenedesmus sp. in the same order from highest to lowest
(Co2+ > Cu?* > Cd?*), the D-R model estimated the amount of metal ions adsorbed to be
593 mmol/kg, 1398 mmol/kg, and 1474 mmol/kg for Cd**, Co?*, and Cu?*, respectively.
It was observed that the adsorption isotherms of Co?* and Cu®* were better fitted with
the D-R model with R? values of 0.97 for Co and 0.95 for Cu, compared to 0.90 for Co and
0.92 for Cu with the Langmuir model. It was, therefore, assumed that the g,p parameter
provided a more accurate estimate of the actual maximum adsorption capacity of Co and
Cu onto Scenedesmus sp. under acidic conditions.

The higher the value of the Langmuir model parameter by, the more the adsorbent
surface is coated with firmly attached sorbate molecules. In this study, the by, parameters
showed that, in acidic conditions, Cd ions were more tightly attached to Scenedesmus sp.
biomass than Cu and Co cations. As presented in Table 2, the Kg parameters described the
sorption affinity of the cations towards Scenedesmus sp. to be in the order of Cu > Co > Cd,
and this was the same order observed with C. vulgaris under acidic conditions. The
Freundlich model described favorable sorption of Cd, Co, and Cu onto Scenedesmus sp.,
with N values in the range of 0.1 < 1/N < 1. This was consistent with the Langmuir
isotherm model, which also described favorable sorption for all the examined cations
onto Scenedesmus sp. with Ry, values corresponding to 0 < Ry, < 1. The sorption energy of
Cd, Co, and Cu, as obtained using the D-R model, was 6.178 kJ /mol, 3.609 k] /mol, and
3.894 k] /mol, respectively. These findings showed that the sorption of the studied cations
onto Scenedesmus sp. Under acidic circumstances is mostly physisorption.
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Figure 5. Isotherm results of the adsorption of (A) CdZ*, (B) Co?*, and (C) Cu?* onto Scenedesmus sp.
Under acidic conditions.

Table 2. Comparison of the isotherm parameters for Scenedesmus sp. Under acidic conditions.

Model Parameter Cd Co Cu
gmL (mmol/kg) 1027 2182 2070
b, (L/mmol) 0.682 0.292 0.415
Langmuir R? 0.946 0.899 0.92
SSE 1773 25,008 13,751
i 0.449 0.498 0.426
(mmoll{%LN /kg) 407.7 466.4 575.3
Freundlich N(-) 1.407 1.31 1.421
R2 0.923 0.873 0.889
SSE 1026 1111 7448
gmp (mmol/kg) 592.8 1398 1474
K4y (mol?/1?) 1.310 x 108 3.839 x 108 3.290 x 108
D-R R? 0.945 0.97 0.948
SSE 14,720 1920 46,868
E (kJ/mol) 6.178 3.609 3.894

Figure 6 and Table 3 show the biosorption isotherms and sorption parameters of
Cd, Co, and Cu onto S. platensis under acidic conditions, respectively. According to the
gmL parameters, the maximum sorption capacity of the metal ions onto S. platensis was
1034 mmol/kg, 1768 mmol/kg, and 3503 mmol/kg for Cd, Co, and Cu, respectively. On
the other hand, the g,p parameter estimated the maximum adsorption capacity to be
639 mmol/kg for Cd, 1359 mmol/kg for Co, and 1754 mmol/kg for Cu. With the exception
of Cu, the adsorption isotherms were better fitted with the Langmuir model. The sorption
energies of all the cations were less than 8 kJ/mol, indicating that physical sorption was
the primary sorption process involved in cation sorption onto S. platensis unlike C. vulgaris
and Scenedesmus sp., where the biomass’ affinity towards the cations as indicated by the
Ky parameter was in the order Cu > Co > Cd; moreover, it was observed that S. platensis’s
sorption affinity for the cations under acidic conditions was in the order of Co > Cu > Cd.
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Figure 6. Isotherm results of the adsorption of (A) Cd?*, (B) Co?*, and (C) Cu?* onto S. platensis
under acidic conditions.

Table 3. Comparison of the adsorption isotherm parameters for S. platensis under acidic conditions.

Model Parameter Cd Co Cu
gmr (mmol/kg) 1034 1768 3503

by, (L/mmol) 0.913 0.531 0.177

Langmuir R2 0.969 0.926 0.895
SSE 291.1 3,449 22,557

Ry, 0.378 0.351 0.635

(mmoll{%LN /kg) 485.3 579.6 503.7

Freundlich N() 1.532 1.576 1.163
R? 0.95 0.9 0.882

SSE 537.7 3028 1001

gmp (mmol/kg) 638.6 1359 1754

Kgy (mol?/]?) 1.033 x 10~8 2.923 x 1078 4.662 x 1078

D-R R2 0.901 0.905 0.943
SSE 39,385 80,097 21,410

E (k] /mol) 6.957 4.136 3.275

3.4. Comparison of the Maximum Adsorption Capacities of the Cations onto Biomass under
Acidic Condition

Figure 7 shows a comparison of the maximum adsorption capacities of Cd, Co, and
Cu onto C. vulgaris, Scenedesmus sp., and S. platensis in acidic settings. Here, only the gmax
values associated with the isotherm model with a higher determination coefficient between
the Langmuir and D-R models are displayed. It was observed that the sorption of the heavy
metal ions onto biomass (mmol/kg) was in the order of Cu > Co > Cd. It is assumed that
the similarity in the sorption pattern results from shared characteristics of microalgae, such
as functional groups on the cell surfaces, physical characteristics, and cell composition [45].
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Figure 7. Comparison of gmax values for cation sorption onto biomass under acidic conditions.

3.5. Biosorption under Neutral Conditions

The adsorption of Cd, Co, and Cu fitted well (0.81 < R < 0.99) to all the isotherm
models with C. vulgaris, Scenedesmus sp., and S. platensis under neutral conditions.

Figure 8 and Table 4 show the biosorption isotherms and sorption parameters of Cd,
Co, and Cu onto C. vulgaris under neutral conditions, respectively. The gmax values as
computed using the Langmuir model were 1012 mmol/kg for Cd, 2007 mmol/kg for Co,
and 2318 mmol/kg for Cu. The D-R model, on the other hand, estimated gmax values of
643 mmol/kg, 1424 mmol/kg, and 1558 mmol/kg for Cd, Co, and Cu respectively. With
the exception of Co cations, the sorption isotherms were observed to have fitted better with
the Langmuir model than the D-R model.

1000 1400

(A) C. vulgaris-Cd, pH 7 1200 | (B) C. vulgaris-Co, pH 7
800 + ¢
5 o S 1000
E‘D Langmuir model 33
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Figure 8. Isotherm results of the adsorption of (A) Cd?*, (B) Co?*, and (C) Cu?* onto C. vulgaris
under neutral conditions.
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Table 4. Comparison of the adsorption isotherm parameters for C. vulgaris under neutral conditions.

Model Parameter Cd Co Cu
gmL (mmol/kg) 1012 2007 2318
br, (L/mmol) 0.941 0.402 0.522
Langmuir R? 0.951 0.921 0.99
SSE 1867 11,272 526.1
R 0.371 0.419 0.371
(mmoll{%LN /kg) 4815 544.6 755.7
Freundlich N(-) 1.531 1.438 1.501
R? 0.92 0.893 0.977
SSE 1259 6159 2057
gmp (mmol/kg) 642.6 1424 1558
Kgy (mol?/1?) 1.041 x 108 3.334 x 1078 2.359 x 108
D-R R2 0.939 0.942 0.926
SSE 22,382 34,713 168,086
E (k] /mol) 6.93 3.873 4.604

For all the cations, the sorption affinity denoted by the Freundlich model parameter
Kr was higher in the experiments conducted under neutral conditions than in studies
conducted under acidic settings. Likewise, as the environment changed from acidic to
neutral, the binding capacity denoted by the Langmuir model parameter by, increased.
The rise in sorption affinity and binding capacity in neutral settings was attributed to the
decrease in H30" concentration with an increase in pH. Moreover, in neutral settings, the
functional groups on C. vulgaris were deprotonated, thereby, facilitating the binding of the
heavy metals onto biomass [43].

Even with the shift from acidic to neutral settings, the energy of sorption denoted
by the D-R model parameter E remained below 8 k] /mol, indicating that the sorption
mechanism of Cd, Co, and Cu onto C. vulgaris is largely physical in nature in neutral
conditions, just as in acidic conditions.

Figure 9 and Table 5 show the biosorption isotherms and sorption parameters of Cd,
Co, and Cu onto Scenedesmus sp. under neutral conditions, respectively. The gmax values as
computed using the Langmuir model were 1044 mmol/kg for Cd, 2070 mmol/kg for Co,
and 2037 mmol/kg for Cu. The D-R model, on the other hand, estimated gmax values of
606 mmol/kg, 1389 mmol/kg, and 1332 mmol/kg for Cd, Co, and Cu, respectively. With
respect to the determination coefficient (R?), the Langmuir model produced a much more
accurate estimate of the gmax for Cd and Cu, whereas the D-R model estimated the gmayx for
Co better.

As with C. vulgaris, similar trends were observed in the sorption mechanism of the
cations onto Scenedesmus sp., with a change from acidic to neutral environments. The bind-
ing capacity (b)) of the cations increased with a shift in the environment from 0.68 (L/mmol)
to 0.81 (L/mmol), 0.29 (L /mmol) to 0.34 (L /mmol), and 0.42 (L /mmol) to 0.59 (L/mmol)
for Cd?*, Co?* and Cu?*, respectively. The sorption affinity (Kg) of Scenedesmus sp. also
increased with a shift in the environment. Furthermore, as with C. vulgaris, physical sorp-
tion remained the primary sorption mechanism of the cations onto Scenedesmus sp. despite
switching from acidic to neutral settings.
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Figure 9. Isotherm results of the adsorption of (A) Cd?*, (B) Co?*, and (C) Cu®* onto Scenedesmus sp.
under neutral conditions.

Table 5. Comparison of the adsorption isotherm parameters for Scenedesmus sp. under neutral conditions.

Model Parameter Cd Co Cu
gmL (mmol/kg) 1044 2070 2037
b, (L/mmol) 0.808 0.342 0.591
Langmuir R? 0.975 0.894 0.986
SSE 724 12,638 1486
Ry 0.408 0.459 0.343
Ke 457.7 500.1 713.868
(mmol™NLN /kg) 57 : :
Freundlich N() 1.471 1.374 1.556
R2 0.958 0.872 0.972
SSE 637.9 6280 2376.231
gmp (mmol/kg) 605.8 1389 1332
Kgy (mol?/]?) 1.021 x 108 3.550 x 108 1.819 x 108
D-R R? 0.934 0.927 0.929
SSE 18,822 17,851 62,185
E (k] /mol) 6.998 3.753 5.243

Figure 10 and Table 6 show the biosorption isotherms and sorption parameters of Cd,
Co, and Cu onto S. platensis under neutral conditions, respectively. The Langmuir model
computed gmax values of 887 mmol/kg for Cd, 1790 mmol/kg for Co, and 1824 mmol/kg
for Cu. The D-R model, in contrast, estimated gmax values of 625 mmol/kg, 1349 mmol/kg,
and 1318 mmol/kg for Cd, Co, and Cu, respectively. Compared to the D-R model, the R2
was higher with the Langmuir model for all the cations, implying that the gmax indicated by
the Langmuir model was a much more reliable estimate. The Langmuir model appeared to
fit the Co and Cu isotherm data better than the Freundlich model, whereas the Cd isotherm
data fitted better with the Freundlich model.
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Figure 10. Isotherm results of the adsorption of (A) Cd**, (B) Co?*, and (C) Cu®* onto S. platensis

under neutral conditions.

Table 6. Comparison of the adsorption isotherm parameters for S. platensis under neutral conditions.

Model Parameter Cd Co Cu
gmL (mmol/kg) 886.7 1790 1824

by (L/mmol) 1.267 0.621 0.646

Langmuir R? 0.942 0.925 0.969
SSE 677.5 5081 357.2

i 0.305 0.319 0.323

(mmolfl\l?LN /kg) 488.6 643.8 675.4

Freundlich N() 1.718 1.636 1.616
R? 0.943 0.897 0.956

SSE 12.82 3782 1405

gmp (mmol/kg) 624.6 1349 1318

K4y (mol?/1?) 9.397 x 10~° 2.344 x 1078 2.104 x 108

D-R R? 0.812 0.911 0.902
SSE 76,511 58,372 117,988

E (kJ/mol) 7.294 4619 4.875

Just as with C. vulgaris and Scenedesmus sp., S. platensis’ sorption affinity (Kp) for the
cations increased in neutral settings. Additionally, the sorption mechanism remained unaltered
as the D-R model generated sorption energy values (E), corresponding to physio-sorption.

3.6. Comparison of the Maximum Adsorption Capacities of the Cations onto Biomass under

Neutral Conditions

Figure 11 shows a comparison of the maximum adsorption capacities of Cd, Co, and
Cu onto C. vulgaris, Scenedesmus sp., and S. platensis in neutral settings. Here, only the
gmax Values associated with the isotherm model with a higher R? between the Langmuir
and D-R are displayed. Similar to the experiments in acidic settings, it was observed
that the sorption of the cations onto biomass under neutral conditions was in the order

Cu > Co>Cd.
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Figure 11. Comparison of gmax values for cation sorption onto biomass under neutral conditions.

3.7. The Effect of Sorption on the Concentration of Dissolved Carbon

Despite a strain of microalgae having a high maximum adsorption capacity for a partic-
ular cation, it is necessary to additionally analyze the bi-products of the biosorption process
since they might occasionally be toxic and negate the benefits of adsorption. Sun et al. [22]
reported that the dissolved organic carbon (DOC) produced by microalgae during adsorp-
tion could further react with chlorine to form haloacetic acids (HAAs) and trihalomethanes
(THMs). HAAs and THMs have been associated with a variety of disorders, including
cancer and reproductive health issues; they are classified as potential or possible human
carcinogens and are thus controlled by several environmental protection agencies across
the world [47]. Additionally, high DOC in water can cause aesthetic concerns as well as
raising the risk of microbial recurrence in the water supply network [48].

Figure 12 depicts the influence of cation and adsorption time on the amount of DOC
generated by C. vulgaris, Scenedesmus sp., and S. platensis in both acidic and neutral environ-
ments. The amount of DOC produced by biomass after 24 h of experimentation was in the
following order: S. platensis > Scenedesmus sp. > C. vulgaris. When the experiments were
performed with S. platensis, it was observed that the solution’s color progressively changed
to blueish-purple. This change in color was attributed to the release of the protein phyco-
cyanin, which is believed to have been the source of the high amount of DOC produced by
S. platensis.

It was also noted that the experiments under acidic conditions produced more DOC
than the experiments under neutral conditions; this might have been due to cell disruption
of the biomass at low pH. In both acidic and neutral environments, the biomass seemed
to generate the most DOC in the presence of Co?*, followed by Cd?%*. However, it was
interesting to observe that the presence of Cu?* suppressed the production of DOC as the
control experiments produced more DOC than the biomass spiked with Cu®*.
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Figure 12. Influence of cation and adsorption time on the amount of DOC generated by C. vulgaris
(A,D), Scenedesmus sp. (B,E), and S. platensis (C,F) at pH 4 and 7, respectively.

4. Conclusions

The biosorption of Cd, Co, and Cu onto C. vulgaris, Scenedesmus sp., and S. platensis
in acidic and neutral environments was studied using the Langmuir, Freundlich, and
Dubinin-Radushkevich isotherm models. For all the investigated strains of microalgae, it
was found that the sorption affinity of the biomass for the metal ions was higher in neutral
than in acidic environments. In both acidic and neutral settings, the sorption affinity for Cd
and Co onto biomass was in the order of S. platensis > C. vulgaris > Scenedesmus sp., while,
for Cu, the order was C. vulgaris > Scenedesmus sp. > S. platensis. The heavy metals Co
and Cd were largely present as cations in the solution in both acidic and neutral settings,
whereas Cu primarily occurred as a cation in acidic environments and as both a cation
and metal precipitate in neutral settings. The maximum adsorption capacity of the heavy
metals onto biomass was in the order of Cu > Co > Cd. The Dubinin-Radushkevich model
described the sorption mechanism of all the metals onto biomass to be physical in nature.
DOC was generated as a byproduct of the sorption of heavy metals. Generally, the amount
of DOC generated under acidic conditions was higher than under neutral conditions. S.
platensis generated the most DOC, followed by Scenedesmus sp., while C. vulgaris produced
the least amount of DOC. In comparison to the control experimental settings, both Cd and
Cu sorption appeared to enhance the quantity of DOC generated by biomass, whereas Cu
sorption suppressed the production of DOC by biomass.

These findings are significant as they highlight the potential of using microalgae
as low-cost and efficient biosorbents for heavy metal removal in varying environmental
conditions. The generation of DOC as a byproduct is particularly noteworthy, as it can
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influence the overall effectiveness and environmental impact of the biosorption process.
Understanding the behavior of DOC under different conditions can help in optimizing
biosorption processes for industrial applications. This study underscores the importance of
selecting appropriate microalgae strains and environmental settings to maximize heavy
metal removal and manage byproduct formation, thereby contributing valuable insights
into sustainable wastewater treatment practices.
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