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Abstract: This study investigates the biosorption capabilities of kefir grains, a polysaccharide-based
byproduct of the fermentation process, for removing copper(II) and arsenic(V) from contaminated
water. Unlike traditional heavy-metal removal methods, which are typically expensive and involve
environmentally harmful chemicals, biopolymeric materials such as kefir grains provide a sustainable
and cost-effective alternative for adsorbing hazardous inorganic pollutants from aqueous solutions.
Our experimental results revealed significant differences in the sorption capacities of two types
of kefir grains. Grains of milk kefir outperformed water kefir, particularly in copper(II) removal,
achieving up to 95% efficiency at low copper concentrations (0.16 mmol·L−1) and demonstrating
a maximum sorption capacity of 49 µmol·g−1. In contrast, water kefir grains achieved only 35.5%
maximum removal efficiency and exhibited lower sorption capacity. For arsenic(V) removal, milk
kefir grains also showed superior performance, removing up to 56% of arsenic in diluted solution with
experimental sorption capacities reaching up to 20 µmol·g−1, whereas water kefir grains achieved
a maximum removal efficiency of 34.5%. However, these findings also suggest that while kefir
grains show potential as low-cost biosorbents, further modifications are needed to enhance their
competitiveness for large-scale water treatment applications.

Keywords: biopolymer; biosorption; heavy metals; polysaccharide; remediation; waste biomass

1. Introduction

Biosorption using waste biological materials has gained significant attention in recent
years due to their versatile applications in environmental remediation, particularly in the
removal of toxic heavy metals, metalloids, and other pollutants from contaminated water
sources [1]. Traditional methods for heavy-metal removal, such as chemical precipitation,
ion exchange, membrane filtration, and electroplating, often involve high operational costs
and the use of environmentally harmful chemicals. In contrast, biosorbents derived from
natural and waste materials offer a more sustainable, cost-effective, and eco-friendly alter-
native to conventional approaches for mitigating heavy-metal contamination in water [2].

To highlight the emerging potential of biopolymeric waste products from the food
industry in the bioremediation of heavy-metal-contaminated waters, this study investigates
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the application of kefir grains, a byproduct of the fermentation process in beverage produc-
tion [3], as biosorbents. Kefir grains, traditionally associated with the fermentation of dairy
and water-based beverages, have recently been considered for the removal of waterborne
contaminants, particularly organic toxins [4]. However, their use as biosorbents for inor-
ganic pollutants, such as heavy metals, remains largely underexplored [5]. Therefore, this
research specifically focuses on evaluating the sorptive capabilities of both water and milk
kefir grains to determine their effectiveness in adsorbing copper(II) and arsenic(V)—two
hazardous inorganic contaminants frequently found in industrial effluents and drinking
water supplies [6].

Copper(II), though a necessary micronutrient in trace amounts, can become highly
toxic when released in excess into the environment through industrial processes, leading to
severe health risks for humans, plants, and aquatic ecosystems [7]. Similarly, arsenic(V),
which is often found in industrial waste and agricultural runoff, is a major public health
concern, poisoning millions globally through contaminated drinking water [8].

Given the high toxicity of these elements, effective removal strategies are crucial for
protecting public health and preserving wildlife and aquatic ecosystems. By comparing
the sorptive performance of water and milk kefir grains in the removal of copper(II) and
arsenic(V), we aim to highlight the feasibility of these natural materials as effective, low-cost
alternatives for remediating contaminated water. Ultimately, this study not only highlights
the potential of kefir grains as low-cost biosorbents for heavy-metal removal but also sets
the stage for future research into modified biosorbents and their broader applications in
sustainable water treatment technologies.

2. Materials and Methods
2.1. Kefir Grain Preparation

Kefir grains were prepared through static cultivation using a commercially obtained
inoculum. Water kefir was cultivated in a 1 L solution containing 100 g of sucrose and 200 g
of lemon slices, while milk kefir was cultivated in 1 L of commercially available milk. After
inoculation, it has been incubated up to 4 days at room temperature. Subsequently, the
resulting biomass, consisting of microbial cells and exopolymers, was separated from the
solution by filtration, washed with great amounts of distilled water, and used in this form
in sorption experiments.

2.2. Sorption Experiments

All sorption experiments were conducted at a temperature of 25 ◦C in sealable 50 mL
sterile plastic centrifuge tubes. In each, the 10 g of wet biomasses in the form of grains from
water or milk kefir was suspended with 20 mL of an aqueous solution of selected potentially
hazardous metals, including arsenic(V) and copper(II), so that the initial concentration of
the analyte ranged from 0.14 to 4.2 mmol·L−1. The pH of the solutions was adjusted to 6.0
using diluted HCl or NaOH solutions.

For the preparation of stock solutions of arsenic(V) and copper(II), the reagents of
p.a. quality were used: Na2HAsO4·7H2O (Sigma-Aldrich, St. Galen, Switzerland) and
CuSO4·5H2O (Centralchem, Bratislava, Slovakia).

Kinetic experiments were conducted to evaluate the sorption rate, examining the
effect of contact time on the sorption capacities of kefir grains over a period of 240 min.
This duration provided sufficient data to calculate rate constants and offered insights into
the sorption mechanism. However, for the isotherm studies, a contact time of 100 h was
selected to ensure equilibrium in the sorption system. To ensure homogeneous interaction
of the selected analytes with the surfaces of the water or milk kefir grains, the plastic tubes
with the sample suspensions were placed on an overhead shaker (MultiBio RS-24; Biosan,
Riga, Latvia) at a rotation speed of 45 rpm. Isotherm studies were conducted in triplicate,
whereas kinetic experiments were performed in duplicate.

After the required contact time, the samples were centrifuged at 10,000× g for 10 min
(centrifuge 5804R; Eppendorf, Hamburg, Germany) to separate the biosorbent from the
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remaining solution. The obtained solution was analyzed for residual concentration of the
selected analytes using atomic absorption spectroscopy [9–11]. The residual biomass was
dried to a constant weight at 85 ◦C, and the measurements were used in the following
statistical procedures.

2.3. Analytical and Statistical Procedures

To determine the concentration of arsenic and copper in collected aqueous solutions
(filtrates and stock solutions), a flame atomic absorption spectrometer (PerkinElmer 1100,
Waltham, MA, USA) with an air-acetylene flame (air flow rate 8.0 L·min−1, acetylene
flow rate 2.5 L·min−1) was utilized. The limits of quantification for arsenic and copper
for this method were 0.5 mg L−1 and 0.005 mg L−1, respectively. Calibration solutions
were prepared from CertiPUR ICP 1000 mg·L−1 single-element standard solutions (Merck,
Darmstadt, Germany).

To evaluate the surface morphology of the biomasses, scanning electron microscopy
(SEM) was performed using a Carl Zeiss EVO 40 HV operated at 20 kV with a Bruker
energy-dispersive X-ray (EDX) silicon drift detector.

The IR spectra of the kefir grains were measured on a Nicolet 6700 Fourier transform
infrared (FTIR) spectrometer (Thermo Scientific, Waltham, MA, USA). For the MIR region
(4000–400 cm−1), 64 scans were used, and the spectrometer was equipped with a DTGS
detector, an IR source, and a KBr beam splitter. The KBr pellet preparation technique was
used to prepare the samples, where 1 mg of the sample was mixed with 200 mg of KBr.

The (equilibrium) sorption capacity of the waste-biomass-based sorbent (Seq) was
calculated using Equation (1):

Seq =

(
C0 − Ceq

)
V

m
(1)

where C0 and Ceq refer to the initial and equilibrium concentrations (mmol·L−1) of the
adsorbate in the suspension, respectively. V and m indicate the volume of the solution
and the dry weight of the sorbent, respectively. For the calculation of the minute sorption
capacity (St) at reaction time t (min), the same formula was used, except that the equilibrium
concentration has been substituted for the minute concentration of the adsorbate in the
solution (Ct).

The calculated sorption capacities at different initial arsenic(V) and copper(II) concen-
trations were fitted by the standard sorption isotherms, showcased in Table 1, to evaluate
the sorption performance of the water and milk kefir grains. For the kinetic modelling,
pseudo-first-order and the pseudo-second-order kinetics were employed, listed in Table 2.
All statistical and data analyses regarding the sorption experiments were conducted using
the Analysis ToolPak version 2.0.0.0 and Solver version 3.0.0.1 add-in programs (Front-
line Systems, Incline Village, NV, USA) in Microsoft 365 Excel version 2402 (Microsoft,
Redmond, WA, USA).

Table 1. The isotherm models used to evaluate the sorptive performance of the water and milk
kefir grains.

Isotherm Equation Constants

Langmuir Seq =
SmaxKLCeq
1+KLCeq

Smax (mmol·g−1) is the theoretical sorption capacity
representing the maximum amount of adsorbate that
can be adsorbed per unit mass of the sorbent, and KL
(L·mmol−1) is the Langmuir sorption constant, which
indicates the affinity of the adsorbate (arsenic or copper)
toward the sorbent

Freundlich Seq = KFCN
eq

N is an empirical parameter related to the intensity of
sorption, and KF (mmol1-N·LN·g−1) is the Freundlich
constant that represents the sorption capacity at a
unitary equilibrium concentration of adsorbate (arsenic
or copper) in the solution
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Table 2. The models for the reaction kinetics used to evaluate the sorptive performance of the water
and milk kefir grains.

Kinetic Model Equation Constants

Pseudo-first order St = Seq

(
1 − e−k1t

) k1 (min−1) represents the rate constants for the
pseudo-first-order kinetics

Pseudo-second order St =
k2S2

eqt
1+k2Seqt

k2 (g·mmol−1·min−1) represents the rate
constants for the pseudo-second-order kinetics

To assess the appropriateness of each kinetic and isothermal model for the experimen-
tal data, Akaike weights (wi) were utilized as follows:

wi =
exp

[
1
2 (AICmin − AICi)

]
∑ exp

[
1
2 (AICmin − AICi)

] (2)

Here, AIC represents Akaike’s information criterion. AICmin signifies the lowest AIC
value among the models, and AICi is the AIC value of the specific model i. Akaike’s
information criterion serves as an estimated measure of the quality of available models for
a particular dataset, making it an ideal method for model selection [12]. This approach is
advantageous as it considers the number of model parameters (kp), the number of data
points (n), and the statistical parameter, which, in our case, is the residual sum of squares
(RSS) of the respective model:

AIC = 2kp + nln(RSS/n) (3)

3. Results
3.1. Structural and Morphological Characterization of the Kefir Grains

FTIR analysis was conducted (Figure 1) to identify the main functional groups associ-
ated with the polysaccharides and other organic components in water and milk kefir grains.
As polysaccharides are expected to be the predominant components in both biomasses, a
broad band observed around 3350 cm−1 can be attributed to the stretching of hydroxyl
groups in carbohydrate structures or O–H stretching vibrations associated with the wa-
ter content. Additionally, the prominent fingerprint region between 1200 and 900 cm−1

suggests the presence of pyranose rings and associated side groups, evidenced by C–O–
C stretching vibrations and C–O–H bending vibrations in carbohydrate structures [13].
The strong absorbance at this region indicates glucose and galactose units in milk kefir
grains [14], while glucose units of dextran are prominent in water kefir grains [15].
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Figure 1. FTIR spectra of water and milk kefir grains.
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The 3100–2800 cm−1 region is dominated by asymmetric and symmetric C–H stretch-
ing vibrations, with strong peaks at around 2925 and 2854 cm−1, respectively, attributed
to aliphatic CH2 groups from fatty acids in membrane amphiphiles [16]. For milk kefir
grains, these regions can also be linked to a carbonyl stretch near 1745 cm−1 suggesting the
presence of milk fatty acid remnants in the biomass of milk kefir grains [17].

Notable differences between water and milk kefir grains are observed in the 1800–1200 cm−1

range, likely due to a higher content of proteins in milk kefir and their interpolymeric
interactions with polysaccharides [14]. The 1800–1500 cm−1 region generally reflects the
amide I and amide II bands associated with peptides and proteins. Both kefir grains display
a distinct band around 1655 cm−1, likely corresponding to carbonyl (C=O) stretching in
peptides [18]. Additionally, a strong N–H vibration peak at 1540 cm−1 is unique to milk
kefir grains; this peak, along with the band near 1655 cm−1, may be linked to amide
linkages involving aminosugars within the polysaccharide structure [19].

The external microstructure of lyophilized kefir grains was examined using scanning
electron microscopy. The surface of water kefir grains (Figure 2a) appeared porous and
smoother compared with the more heterogeneous surface of milk kefir grains (Figure 2b),
which exhibited complex, surface-associated branched structures without evident crys-
talline assembly, likely consisting of precipitated peptides or other organic materials. No
cells were observed directly on the surface, suggesting that they were either encapsulated
within the polysaccharide biofilm or removed during sample preparation due to washing.
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3.2. Removal of Copper(II) Using Water Kefir Grains

From the experimental results of copper(II) sorption onto the biomass of water kefir
grains, comprising the microbial cells and their extracellular products, we determined the
Freundlich constant (KF) to be 0.008 (Table 2). Under equilibrium conditions where the
sorption system reaches a concentration of 1 mmol·L−1 (Figure 1), this Freundlich constant
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can be translated into a sorption capacity of water kefir (0.008 mmol·g−1). Since this value
specifically applies to diluted solutions, the relatively low sorption capacity indicates a
weak affinity of copper(II) for the adsorbent in such diluted systems. Notably, the highest
experimentally measured sorption capacity was found to be 0.022 mmol·g−1 (Figure 1),
further highlighting the limitations of this biosorbent in retaining copper(II) under the
given conditions.

The exponent N in the Freundlich isotherm has a value of 1.03 (Table 3), indicating
slight variability in the adsorption energies that bind copper(II) from the solution to the
surface of the biosorbent, suggesting heterogeneity in the sorption sites.

Table 3. Langmuir and Freundlich isotherm parameters for the sorption of copper(II) using water
and milk kefir grains (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial copper(II)
concentrations ranging from 0.16 to 4.2 mmol·L−1; initial pH of 6.0; contact time of 100 h).

Langmuir Isotherm Culture KL
(L·mmol−1)

Smax
(mmol·g−1) R2 Akaike weight

Water kefir 5.32·10−6 ± 0.03·100 1.5·103 ± 8.5·106 0.99 0.44
Milk kefir 3.2 ± 1.7 0.049 ± 0.008 0.80 0.32

Freundlich Isotherm
Culture KF

(mmol1-N·LN·g−1) N R2 Akaike weight

Water kefir 0.008 ± 0.0003 1.03 ± 0.05 0.99 0.56
Milk kefir 0.035 ± 0.003 0.38 ± 0.09 0.83 0.68

The Langmuir model also provides a good fit to the experimentally obtained sorp-
tion data with R2 reaching 0.99. However, the more statistically sensitive Akaike weight
(Table 3) indicates that this model is less suitable for describing the experimental data
compared with the Freundlich model. Furthermore, caution is needed when interpreting
the Langmuir parameters, particularly due to the model’s behavior and the lack of satu-
ration of the biosorbent across the tested concentration range. The calculated maximum
adsorption capacity (Smax) is unrealistic, as the sorption capacity linearly increases with
rising equilibrium concentrations and shows no signs of reaching saturation (Figure 3). This
discrepancy is further supported by the significantly large error associated with the Smax
parameter, which deviates by six orders of magnitude. Therefore, the Langmuir isotherm
is not suitable for analyzing copper biosorption by water kefir under the conditions of
our study.

Both the low affinity of copper toward the biomass and the low sorption capacity in
diluted solutions, as indicated by the Freundlich constant, contribute to the limited removal
efficiency of the biosorbent. As shown in Figure 4, the overall performance of the water
kefir biomass in copper(II) removal remains relatively low, with efficiency not exceeding
35.5%. This efficiency shows only minimal variation across different initial copper(II)
concentrations, indicating a consistent but limited capacity for copper adsorption.

Our kinetic data (Figure 5a) indicate rapid copper(II) removal by water kefir grains,
reaching equilibrium after 100 min of contact time. In comparison with the pseudo-
first-order model, the experimental data fit better with the pseudo-second-order kinetic
model, as suggested by a comparison of Akaike weights, with a rate constant as high as
330.3 g·mmol−1·min−1 (Table 4).
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Figure 3. Isotherm fits of the experimental data for copper(II) removal from aqueous solutions by
water kefir grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The
experiments were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial
copper(II) concentrations ranging from 0.17 to 4.0 mmol·L−1 (initial pH of 6.0; contact time of 100 h;
n = 3). The dashed line represents the 95% confidence interval for each isotherm model.
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Figure 4. Removal efficiencies for copper(II) from aqueous solutions using (a) water and (b) milk kefir
grains (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial copper(II) concentrations
ranging from 0.16 to 4.2 mmol·L−1; initial pH of 6.0; contact time of 100 h).
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Figure 5. Kinetics of the copper(II) removal from aqueous solutions by (a) water kefir and (b) milk kefir
grains fitted using pseudo-second-order kinetic model (solid line). The experiments were conducted
in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial copper(II) concentration of
0.79 mmol·L−1 (50 mg·L−1; initial pH of 6.0; n = 2). The dashed line represents the 95% confidence
interval for the applied kinetic model.

Table 4. Kinetic model parameters for the sorption of copper(II) using water and milk kefir grains
(n = 2; temperature of 25 ◦C; dynamic conditions (45 rpm); initial copper(II) concentrations of 0.79
mmol·L−1; initial pH of 6.0).

Pseudo-first-order
kinetic model

Culture
Seq

(mmol·g−1)
k1

(min−1) R2 Akaike weight

Water kefir 0.0036 ± 0.0001 0.995 ± 0.269 0.94 0.02
Milk kefir 0.0051 ± 0.0003 0.053 ± 0.009 0.96 0.01

Pseudo-second-order
kinetic model

Culture
Seq

(mmol·g−1)
k2

(g·mmol−1·min−1) R2 Akaike weight

Water kefir 0.0038 ± 0.0001 330.3 ± 82.1 0.98 0.98
Milk kefir 0.0058 ± 0.0002 11.8 ± 1.83 0.99 0.99

3.3. Removal of Copper(II) Using Milk Kefir Grains

Compared with water kefir grains, the sorption kinetics of copper(II) onto the milk
kefir biomass are significantly slower, as indicated by the lower pseudo-second-order
kinetic rate constant of only 11.8 g·mmol−1·min−1 (Table 4). While rapid sorption occurs
within the first 100 min, equilibrium is not fully achieved within this period, suggesting a
slower, time-dependent phase during which equilibrium may be reached over an extended
duration (Figure 5b). Nonetheless, the data fit well with the pseudo-second-order kinetic
model (Akaike weight of 0.99) in comparison with the pseudo-first-order kinetic model.

The copper sorption efficiency of the milk kefir biomass declines as the initial copper
concentration in the solution increases (Figure 4b). However, at a low copper(II) concentra-
tion of 0.17 mmol·L−1, milk kefir exhibited a high binding efficiency, removing up to 95%
of the copper present. This result demonstrates the strong adsorption capacity of milk kefir
in diluted solutions. Even at a concentration of 0.8 mmol·L−1, it managed to remove 78%
of copper(II). At the highest tested concentration, 4.2 mmol·L−1, milk kefir still removed
51% of the copper, showcasing its superior performance compared with water kefir grains
(Figure 4b).
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The superior effectiveness of milk kefir as a biosorbent for copper removal from aque-
ous solutions is further supported by the parameters obtained from sorption isotherm
analysis (Table 3). The Freundlich constant (KF) for milk kefir is as high as 0.035, represent-
ing a fourfold increase in sorption capacity compared with water kefir at an equilibrium
copper concentration of 1 mmol·L−1. This higher KF value suggests a significantly greater
affinity of milk kefir for copper(II), particularly in diluted solutions.

Despite the lower determination coefficient for the Langmuir isotherm model (0.80),
the maximum adsorption capacity (Smax) of 0.049 mmol·g−1 for milk kefir is more realistic
than the value observed for the water kefir biomass. This is reflected in the shape of the
isotherm curve, where signs of saturation of the sorbent with copper are evident at the
highest tested concentration (Figure 6). These findings suggest that while milk kefir has a
notable affinity for copper, its adsorption capacity likely becomes limited at equilibrium
concentrations exceeding 2 mmol·L−1.
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Figure 6. Isotherm fits of the experimental data for copper(II) removal from aqueous solutions by
milk kefir grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The
experiments were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial
copper(II) concentrations ranging from 0.16 to 4.2 mmol·L−1 (initial pH of 6.0; contact time of 100 h;
n = 3). The dashed line represents the 95% confidence interval for each isotherm model.

3.4. Removal of Arsenic(V) Using Water Kefir Grains

When analyzing the experimental data on arsenic(V) sorption onto the biomass of
microorganisms and exopolymers from water kefir using the Langmuir isotherm model,
the results showed more realistic parameter estimates compared with copper(II) biosorp-
tion. However, the statistical uncertainty remains considerable, as evidenced by the
wide error margins for the Langmuir constants: KL (0.07 ± 0.06 L·mmol−1) and Smax
(0.13 ± 0.09 mmol·g−1). These substantial errors suggest that the parameters are statisti-
cally less significant, necessitating cautious interpretation (Table 5).

The relationship between sorption capacity and equilibrium arsenic concentration
(Figure 7) exhibits a linear trend similar to that observed in copper(II) sorption onto water
kefir grains (Figure 6). This suggests that the Freundlich model may provide a more
accurate description of the experimental data. This assumption is further supported
by the significantly lower statistical error associated with the Freundlich constant KF
(0.008 ± 0.0004) (Table 5), indicating that the sorbent’s affinity for arsenic(V) in diluted
solutions is relatively low. Additionally, the exponent N takes a value of 0.93, which points
to greater homogeneity of the adsorption sites on the surface of the water kefir biomass.



Polymers 2024, 16, 3340 10 of 19

This implies a more uniform binding of arsenic(V) from aqueous solutions compared with
the binding of copper(II).

Table 5. Langmuir and Freundlich isotherm parameters for the sorption of arsenic(V) using water
and milk kefir biomasses (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial arsenic(V)
concentrations ranging from 0.14 to 3.5 mmol·L−1; initial pH of 6.0; contact time of 100 h).

Langmuir
isotherm

Culture KL
(L·mmol−1)

Smax
(mmol·g−1) R2 Akaike weight

Water kefir 0.07 ± 0.06 0.13 ± 0.09 0.98 0.63
Milk kefir 0.78 ± 0.22 0.03 ± 0.004 0.96 0.91

Freundlich
isotherm

Culture KF
(mmol1-N·LN·g−1) N R2 Akaike weight

Water kefir 0.008 ± 0.0004 0.93 ± 0.07 0.98 0.37
Milk kefir 0.013 ± 0.0007 0.57 ± 0.07 0.93 0.09Polymers 2024, 16, x FOR PEER REVIEW  10  of  18 
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Figure 7. Isotherm fits of the experimental data for arsenic(V) removal from aqueous solutions by
water kefir grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The
experiments were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial
arsenic(V) concentrations ranging from 0.14 to 3.5 mmol·L−1 (initial pH of 6.0; contact time of 100 h;
n = 3). The dashed line represents the 95% confidence interval for each isotherm model.

The sorption efficiency of the water kefir biomass for arsenic(V) varied depending on
the concentration of arsenic in the solution, though the overall trend remained relatively
stable (Figure 8a). At an initial arsenic concentration of 0.16 mmol·L−1, the sorption
efficiency was 22.5%. As the arsenic concentration increased to 0.7 mmol·L−1, the sorption
efficiency rose to 30%, indicating an increased uptake of arsenic by the water kefir biomass.
This upward trend continued as the arsenic concentration increased further, reaching a
maximum efficiency of 34.5% at an initial concentration of 2.1 mmol·L−1. However, beyond
this point, sorption efficiency declined to 31%, suggesting that the biosorbent began to
approach saturation. This decline indicates that at higher concentrations, the sorbent’s
capacity to adsorb additional arsenic diminishes, likely due to the saturation of available
adsorption sites.
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Figure 8. Removal efficiencies for arsenic(V) from aqueous solutions using (a) water and (b) milk kefir
grains (n = 3; temperature of 25 ◦C; dynamic conditions (45 rpm); initial arsenic(V) concentrations
ranging from 0.14 to 3.5 mmol·L−1; initial pH of 6.0; contact time of 100 h).

The water kefir grains exhibit relatively rapid adsorption kinetic for arsenic(V) removal
from aqueous solutions, achieving equilibrium in as little as 30 min (Figure 9a). As the
pseudo-second-order kinetic model accurately describes the experimental data over a
240 min timeframe (Akaike weight of 0.99), the rate constant derived from this model has a
relatively small margin of error, with a value of 338.0 ± 23.7 mmol−1·min−1 (Table 6).
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Figure 9. Kinetics of the arsenic(V) removal from aqueous solutions by (a) water kefir and (b) milk
kefir grains fitted using pseudo-second-order kinetic model (solid line). The experiments were con-
ducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial arsenic(V) concentration
of 0.67 mmol·L−1 (50 mg·L−1; initial pH of 6.0; n = 2). The dashed line represents the 95% confidence
interval for the applied kinetic model.
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Table 6. Kinetic model parameters for the sorption of arsenic(V) using water and milk kefir grains
(n = 2; temperature of 25 ◦C; dynamic conditions (45 rpm); initial arsenic(V) concentrations of 0.67
mmol·L−1; initial pH of 6.0).

Pseudo-first-order
kinetic model

Culture
Seq

(mmol·g−1)
k1

(min−1) R2 Akaike weight

Water kefir 0.0036 ± 0.0001 0.843 ± 0.121 0.98 0.01
Milk kefir 0.0058 ± 0.0003 0.059 ± 0.011 0.97 0.04

Pseudo-second-order
kinetic model

Culture
Seq

(mmol·g−1)
k2

(g·mmol−1·min−1) R2 Akaike weight

Water kefir 0.0038 ± 0.0001 338.0 ± 23.7 0.99 0.99
Milk kefir 0.0065 ± 0.0003 11.7 ± 2.29 0.98 0.96

3.5. Removal of Arsenic(V) Using Milk Kefir Grains

Although the changes in milk kefir’s sorption capacity relative to the equilibrium
concentration of arsenic are better described by the Langmuir isotherm according to the
Akaike weight, we still recommend interpreting this model with caution. This is due to
the relatively large error associated with the Langmuir constant KL (0.78 ± 0.22), as shown
in Table 5. In contrast, the Freundlich isotherm presents a much smaller statistical error,
suggesting that its parameters are more reliable for describing the experimental data. The
Freundlich constant KF, which reflects the affinity of milk kefir for arsenic, indicates a
moderate sorption capacity (0.013 mmol·g−1), yet this value is almost twice as high as that
for the water kefir biomass (Table 5), reinforcing milk kefir’s superior biosorption efficiency
for arsenic(V) removal.

The sorption efficiency of milk kefir exhibits a decreasing linear trend with increasing
initial concentrations of arsenic(V) in the solution (Figure 8b). At lower concentrations,
the sorption efficiency reached as high as 56%, whereas at the highest tested concentration
of 3.4 mmol·L−1, the efficiency dropped to 32%, which is only slightly higher than the
efficiency observed for water kefir grains (31%) (Figure 8a). This declining trend suggests
that milk kefir grain’s sorption capacity is nearing saturation as arsenic concentrations
increase, as indicated by the data in Figure 10.

The sorption kinetics of arsenic(V) onto the milk kefir biomass are well described
by the pseudo-second-order kinetic model (Table 6), requiring a longer period to reach
equilibrium compared with water kefir grains. Equilibrium is achieved more gradually,
with a rate constant of 11.7 mmol−1·min−1, over approximately 240 min (Figure 9b).
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Figure 10. Fits of the experimental data for arsenic(V) removal from aqueous solutions by milk kefir
grains using the (a) Freundlich and (b) Langmuir isotherm models (solid lines). The experiments
were conducted in darkness at 25 ◦C under dynamic conditions (45 rpm) with initial arsenic(V)
concentrations ranging from 0.16 to 3.4 mmol·L−1 (initial pH of 6.0; contact time of 100 h; n = 3). The
dashed line represents the 95% confidence interval for each isotherm model.

4. Discussion

Our study demonstrates that water kefir grains generally exhibit lower sorption
capacity and overall efficiency compared with the milk kefir biomass (Tables 3 and 5),
particularly in diluted solutions. This difference is likely attributable to variations in the
chemical composition and the availability of high-affinity sorption sites responsible for
binding copper(II) and arsenic(V) from aqueous solutions.

The primary organic exopolymers in water kefir grains consist of insoluble O3- and
O2-branched dextrans, along with smaller quantities of levans [15]. Both of these polysac-
charides contain numerous hydroxyl (-OH) groups [20], which act as key sorption sites,
enabling interactions with metals and metalloids, thereby facilitating their binding.

The results of our FTIR analysis of both kefir biomasses (Figure 1) support the presence
of these heavy-metal reactive functional groups of polysaccharides. The fingerprint region
between 1200 and 900 cm−1 highlights the presence of pyranose rings in kefir grains,
with glucose present in water kefir and both glucose and galactose in milk kefir [21]. In
contrast to water kefir, the matrix of milk kefir grains incorporates not only polysaccharides
but also a significant amount of proteins [3], which can contribute up to 29% of the dry
grain mass [22]. This composition enhances the diversity of sorption sites by introducing
functional groups such as amino (-NH2). Both arsenic(V) and copper(II) exhibit affinities for
these extracellular polymeric substances [23,24]. Thus, it is likely that the protein-associated
sorption sites within the milk kefir grains provide high-affinity binding locations for both
arsenic(V) and copper(II), significantly enhancing the sorption performance of milk kefir
grains in their removal from aqueous solutions.

The results of the FTIR analysis by Naveed, et al. [25] suggest the direct involvement
of -OH, -NH-, -CO-, and C=O groups from extracellular polymeric substances in arsenic
sorption, as evidenced by band shifts following arsenic(V) exposure in circumneutral solu-
tions. In our experiment, the initial pH of the arsenic(V) solution was adjusted to 6.0, so
the primary functional groups in the kefir polysaccharide matrix responsible for arsenic(V)
and copper(II) removal are expected to remain negatively charged. This is consistent with
findings on kefiran, which is only positively charged below pH 2 [26]—a typical trait of
bacterial extracellular polymeric substances [27]. This negative charge may have impeded
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arsenic(V) adsorption due to repulsive interactions with the kefir grain surfaces, given that
arsenic(V) predominantly exists as the negatively charged H2AsO4

- species within our
experimental pH range under oxidizing conditions, as indicated by its behavior in natural
waters [28]. Conversely, copper(II) remains stable in cationic form, and observed shifts
toward more acidic regions during kinetic and isotherm studies suggest a strong interaction
with the negatively charged surfaces of kefir grains. This interaction likely involves the for-
mation of inner-sphere complexes with oxygen-bearing ligands, e.g., carboxyl groups that
are typically considered the primary sorption sites for copper(II) in bacterial extracellular
polymeric matrices [29]. Arsenic, on the other hand, has been reported to strongly interact
with amino groups in proteins, such as tyrosine- and tryptophan-like proteins within the
extracellular polymeric substances of Chlorella sp. [30]. Thus, we hypothesize that the
presence of amino groups of proteins, along with other functional groups such as hydroxyl,
likely contributes to this improved efficiency, as these sites facilitate stronger interactions
with the metal ions and metalloids. In contrast, water kefir’s polysaccharide-based matrix
offers fewer high-affinity sites, leading to its comparatively lower performance in arsenic(V)
and copper(II) removal in diluted solutions (Figures 4 and 8).

The differences in sorption sites, their distribution, and their impact on the sorption
mechanism can also be inferred from the isotherm analysis. For both copper(II) and
arsenic(V), saturation is observed in the case of milk kefir (Figures 6 and 10), suggesting a
stronger affinity but a lower density of high-affinity sorption sites within the milk grains.
In contrast, water kefir grains align more closely with the Freundlich isotherm (Figures 3
and 7), indicating lower affinity but a relatively high frequency of sorption sites. This
suggests that while water kefir grains possess numerous sorption sites, these are less
selective for copper(II) and arsenic(V) compared with milk kefir. Furthermore, the sorption
pattern observed for water kefir aligns with a C-type isotherm, indicating preferential
removal through the micropores of the grains or possibly due to a more pronounced
breakdown of the polymeric matrix within water kefir grains [31]. The results of our
SEM analysis (Figure 2) highlighted notable structural and morphological differences
between the two types of kefir grains. Water kefir grains exhibit a porous, hydrogel-like
morphology, whereas milk kefir grains display a more compact surface populated with
clustered, branched organic structures. It is likely that, due to more compact and structurally
stable nature of milk kefir grains, sorption occurs primarily through more specific binding
mechanisms rather than through porous absorption. However, differences in the sorption
mechanisms are more precisely inferred from the kinetic studies. Interestingly, regardless
of the type of kefir grain or element, all data fit the pseudo-second-order kinetic model
exceptionally well. Conversely, the goodness of fit of the pseudo-first-order kinetic model
is very low (Tables 4 and 6). This allows us to assume certain considerations that can
be asserted regarding the suitability of fitting the pseudo-second-order kinetic model.
These include the following: (i) the adsorption process involves chemisorption, and (ii) the
rate-limiting process is the chemical reaction step [32]. Nevertheless, as indicated by the
comparison of rate constants, equilibrium is achieved significantly faster with water kefir
(Figures 5 and 9), suggesting that particle boundary diffusion, whether through pore or
solid diffusion, may play a more prominent role in the adsorption process of both arsenic(V)
and copper(II) onto the kefir biomass.

Based on the analyzed data, the milk kefir biomass emerges as a more effective
biosorbent for arsenic at lower concentrations compared with the water kefir biomass.
Unfortunately, to the best of our knowledge, no systematic or experimental studies have
explored the potential of milk kefir grains for removing other heavy metals from solutions.
Nevertheless, water kefir grains demonstrate relatively stable removal performance across
various cationic heavy metals, including copper(II), nickel(II), and lead(II), as reported
by Volpi, et al. [5]. This stability highlights their potential applicability for multicom-
ponent adsorption in real industrial effluents or contaminated surface and groundwater.
Still, to gain a clearer perspective, it is essential to compare water and milk kefir grains’
performance with other unmodified waste biosorbents to properly assess its sorptive ef-
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ficiency and potential for practical applications. Table 7 illustrates that the maximum
sorption capacity derived from the Langmuir model is moderate and comparable with
other non-modified waste-biomass-based biosorbents. However, the sorption capacity of
chemically and physically modified biomasses far exceeds that of milk kefir, with modi-
fied materials often capable of removing hundreds of micrograms of arsenate per gram.
This highlights the potential for significant improvements to enhance kefir’s competitive
edge. While some modification techniques still result in comparable performance, such
as iron-coated cork granulates with a maximum sorption capacity of 56.07 µmol·g−1 [33]
or wood-derived biochar with 51.9 µmol·g−1 [34], other approaches, particularly thermal
treatments combined with nanosized inorganic compounds, yield much higher capacities.
For example, zero-valent iron-composited palm-waste biochars reach a sorption capac-
ity of 354 µmol·g−1 [35], and corncob-derived biochar impregnated with ZnO achieves
346 µmol·g−1 [36]. These modifications significantly outperform the untreated kefir grains,
suggesting that targeted enhancements to kefir biosorbents can greatly improve their
effectiveness for metal removal.

Table 7. Comparison of maximum sorption capacities of waste-biomass-based sorbents derived from
the Langmuir isotherm (Smax) for arsenic(V).

Type of Sorbent Smax
(µmol·g−1) Reference

Milk kefir grains 30 This work
Fish scale 0.38 Rahaman, et al. [37]

Wheat straw 1.5 Ebrahimi, et al. [38]
Rice polish 1.96 Ranjan, et al. [39]

Anaerobic sludge 2.19 Chowdhury and Mulligan [40]
Tea waste 28.3 Kamsonlian, et al. [41]
Sawdust 58.74 Leal, et al. [42]

Almond shell 141.7 Ali, et al. [43]

The performance of kefir grains in our study was notably lower compared with other
available data on the sorptive removal of copper(II) from aqueous solutions using non-
modified waste biomasses (Table 5). This discrepancy highlights the limitations of kefir
grains as biosorbents in practical applications, particularly for copper removal, suggesting
that kefir grains would require significant modification or enhancement to compete with
other well-established biosorbents. This enhancement can be achieved through either
chemical or physical modification of kefir grains or a combination of both approaches. For
instance, processing the waste biomass into activated carbons can significantly improve
the heavy-metal removal capacity by increasing the surface area, optimizing the pore
distribution, and enhancing the chemical nature of the active sorption sites on biochar-
based adsorbents [44,45].

Recently, nanobiocomposites have emerged as a promising and highly effective strat-
egy for removing toxic metals and metalloids from contaminated aqueous environments.
By combining the natural sorption properties of biological materials with the enhanced
functional capabilities of nanoparticles, these composites deliver superior performance [46].
However, despite their potential, the reported effectiveness of nanobiocomposites for
copper removal significantly varies. In some cases, they do not necessarily outperform
untreated waste materials [47]. Nevertheless, while the removal efficiency of copper(II) by
kefir grains shows potential in diluted copper solutions (Figure 4b), their overall sorption
capacity remains underwhelming (Table 8). This limitation significantly reduces their
practical applicability in real-world scenarios, particularly when compared with more
eco-friendly alternatives like nanobiocomposites, which have demonstrated superior per-
formance relative to the sorption capacity of kefir grains [48].
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Table 8. Comparison of maximum sorption capacities of waste-biomass-based sorbents derived from
the Langmuir isotherm (Smax) for copper(II).

Type of Sorbent Smax
(µmol·g−1) Reference

Milk kefir grains 49 This work
Pine sawdust 35 Orozco, et al. [49]

Activated sludge biomass 138 Aslan, et al. [50]
Rice straw 196 Buasri, et al. [51]

Cone biomass of Thuja orientalis 303 Nuhoglu and Oguz [52]
Coffee grounds 398 Młynarczykowska and Orlof-Naturalna [53]

Sugarcane bagasse 841 Shah, et al. [54]

5. Conclusions

In this study, we investigated the efficiency of water and milk kefir grains as biosor-
bents for the removal of copper(II) and arsenic(V) from aqueous solutions. Our results
revealed a stark contrast in performance between the two types of kefir grains. Notably,
milk kefir exhibited a remarkable capacity to remove up to 95% of copper(II) at a low
concentration of 0.16 mmol·L−1 and achieved a maximum removal efficiency of 56% for
arsenic(V) at lower concentrations. This demonstrates its strong adsorption capabilities,
especially in diluted solutions. In contrast, water kefir grains achieved a maximum removal
efficiency of only 35.5% for copper(II) and 34.5% for arsenic(V), highlighting their limited
effectiveness as a biosorbent for these contaminants.

Isotherm analyses further confirmed the superior performance of milk kefir. The
results of the analysis indicated that water kefir has a lower affinity for copper and arsenic,
which can be attributed to its simpler polysaccharide composition and the limited availabil-
ity of high-affinity sorption sites. In contrast, milk kefir’s more complex matrix, enriched
with proteins and diverse functional groups, significantly enhances its binding capabilities
for metal ions.

Despite the promising results, it is crucial to recognize that the overall performance of
kefir grains remains lower when compared with other modified biosorbents and nanobio-
composites, which have consistently demonstrated superior metal removal efficiencies.
This underscores the necessity for further modifications to the kefir biomass to enhance its
sorption capacity and make it more competitive in practical applications. Future research
should focus on optimizing the chemical and structural properties of kefir grains to improve
their performance in real-world scenarios, thereby contributing to more sustainable and
effective methods for remediating contaminated water sources.
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