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Abstract  One byproduct of brewing beer is Brew-
er’s spent grain (BSG), which is reused in animal 
feed. However, BSG has valuable potential for other 
products such as biochar because of its high protein 
and fiber content. Radioactive waste is one of the 
biggest concerns in Korea because of the permanent 
shutdown of the Gori nuclear power plant. In this 
study, we aimed to use BSG-850, a biochar origi-
nating from BSG after pyrolysis at 850  °C, for the 
adsorption of cobalt (Co) and strontium (Sr), which 
are two radionuclides that contribute to radioactive 
waste. The adsorption capacity of Co and Sr was rein-
forced with increased temperature which are 3.304, 
4.659, 5.516 mg/g (Co) and 1.462, 2.54, 3.036 mg/g 
(Sr) at 298, 308, and 318 K, respectively. The reus-
ability of BSG-850 capacity was 75.3, 47.8, 43.6, 
36.2% and 93.6, 84.2, 57.2, and 32.7% after 1, 2, 3, 
and 4 cycles, for Co and Sr, respectively. In the pres-
ence of other competitive ions, the adsorption capac-
ity decreased. The adsorption capacity and properties 
of BSG-origin biochar for Co and Sr were confirmed 
and BSG can be a desirable option for solving radio-
active waste issue.

Keywords  BSG · Biochar · Co · Sr · Radioactive 
waste · Radionuclide · Adsorption · Pyrolysis · 
Aqueous solution

Introduction

Beer is one of the most popular drink worldwide 
and it is easy to make with low cost than other liq-
uors. Beer is made from several ingredients such as 
grains, yeast, hops, water, and other additives. The 
first step of brewing beer is malting; during this pro-
cess, amylase in barley converts starch to sugar to 
create maltose. The next step is mashing, where the 
malt is boiled with water to extract the sugar from 
the malt. After mashing, the sugar-containing water, 
called wort, eventually becomes beer, and the used 
barley becomes a byproduct called Brewer’s spent 
grain (BSG). According to Musatto et al. (2006), the 
mashing step produces the most BSG, and BSG cor-
responds to 85% of the total generated byproducts.

The simplest and easiest way to reuse BSG is 
through animal feed. Even though sugar is extracted 
during the mashing process to brew the beer, BSG 
has a high protein and amino acid content. Also, BSG 
is cheap and easy to obtain due to the popularity of 
beer. In addition to animal feed, BSG can also be used 
as an additive in bakery and paper production (Bach-
mann et al., 2022). This study focuses on using BSG 
as an adsorbent to be used in the removal of cobalt 
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(Co) and strontium (Sr) in aqueous solution to resolve 
environmental and radiation problems.

Currently, the world faces a serious environmen-
tal crisis due to global warming and climate change. 
Most governments in developed countries and envi-
ronmental organizations such as the Intergovernmen-
tal Panel on Climate Change (IPCC) claim that CO2 
production in human society at present is danger-
ous and CO2 production must be reduced as soon as 
possible. Moreover, the IPCC recommends that the 
temperature rise must be below 1.5  °C compared to 
the pre-industrialization era (1850–1900) at their 
report (Masson-Delmotte et al., 2018). However, the 
Earth’s temperature has already increased by 1  °C, 
and the Earth’s temperature will increase by 1.5 °C in 
2030–2052 if this trend continues. To meet the IPCC 
recommendation, CO2 production in the world must 
be reduced 45% by 2030, compared to 2010 levels 
according to their report.

To help resolve the CO2 production problem, 
pyrolysis can be utilized as an effective method for 
disposing waste. Pyrolysis is a combustion process 
that occurs under non-oxygen or low-oxygen con-
ditions. Through pyrolysis, it is possible to reduce 
the amount of the final waste product, reduce the 
amount of toxic chemicals such as dioxin, and dimin-
ish the size of the required waste disposal facilities. 
Compared with the general incineration process, the 
generation of biochar using pyrolysis can reduce 
CO2 production. Biochar is a compound word (bio-
mass + charcoal) produced by pyrolysis using bio-
mass such as food, agriculture, and forestry waste. 
This BSG is similar to agricultural waste because it 
mainly consists of cellulose, protein, and lignin like 
other grains. Therefore, the production of BSG-origin 
biochar by pyrolysis is significantly valuable not only 
as a method for reusing BSG effectively, but also for 
solving the global environmental crisis.

Another environmental issue in Korea is the radia-
tion related to Japan. In 2011, due to an earthquake 
and tsunami, 4 nuclear reactors were destroyed at 
the Fukushima nuclear power plant (NPP), result-
ing in the release of radioactivity into the adjacent 
air and water. The Japanese government and Interna-
tional Atomic Energy and Agency (IAEA) estimated 
the Fukushima NPP accident to be grade 7. On July 
22 in 2022, the Japan Nuclear Regulation Authority 
(NRA) approved the disposal of contaminated water 
produced during the treatment of the Fukushima NPP 

to the ocean. However, the Japanese government and 
NRA did not disclose the concentration of radioactive 
compounds in the water to the public. The Fukushima 
NPP accident and the disposal of contaminated water 
remind us of the importance of regulating and treat-
ing radioactive waste.

The liquid-state radioactive waste was treated via 
concentration and evaporation. The concentrated liq-
uid waste was placed into a safe storage container 
after the solidification process and dumped under-
ground with other solid radioactive waste. After treat-
ment, the concentration of radioactive compounds in 
water must be measured and disposed of in the ocean 
under safe conditions. Radiation from radioactive ele-
ments or contaminated waste is extremely dangerous. 
It is impossible to observe radiation with the naked 
eye or determine whether our body is exposed to radi-
ation. Moreover, damage from radiation is expressed 
after a long period of time and can affect the future 
generations. Therefore, all countries that operate 
NPPs, including Korea, need to strictly regulate the 
radiation and disposal of radioactive waste.

According to previous research, BSG has an 
adsorption capacity for heavy metals, such as lead 
(Kwak et al., 2019), chromium (Vanderheyden et al., 
2018), manganese, zinc, nickel, cadmium, and copper 
(Wierzba & Kłos, 2019). However, research on the 
adsorption capacity of both cobalt (Co) and strontium 
(Sr) using the same type of BSG is rare and the con-
taminated water produced from NPPs contains sev-
eral elements. Thus, the adsorption capacity of BSG 
with other competitive elements should be studied for 
application in the field to determine the potential of 
BSG-origin biochar for treating contaminated water 
in NPPs.

Materials and methods

Preparation of samples

The BSG was purchased from a commercial com-
pany named Han-Joon SS, which brought BSG from 
the OB Beer Company, Korea, to the online market. 
The BSG was dried in an oven at 70  °C for 3 days 
to remove moisture and prevent decay by microor-
ganisms. Dried BSG was crushed to a powder form 
using a ball mill machine (Pulverisette 5, Fritsch). 
The crushed BSG was separated by a 200 µm sieve, 
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and only BSG below 200  µm in size was used for 
the experiment. Raw BSG (BSG-R) represents BSG 
before the pyrolysis process.

To reduce the release of toxic materials and the 
volume of the product, BSG was converted to biochar 
by pyrolysis under anaerobic conditions. To ensure 
anaerobic conditions, all gases in the furnace were 
vented first. N2 gas was then injected into the vacuum 
state of the furnace until the N2 pressure reached 
1  bar. After N2 gas injection, the pyrolysis process 
was initiated. The activation temperatures of the 
pyrolysis process were 450, 650, and 850 ºC; 450 °C 
was chosen because the minimum temperature of 
pyrolysis is approximately 450–500 ºC, and the 
other temperatures were chosen to assess the effect 
of different activation temperatures on the biochar 
products. The temperature was increased at a rate of 
5  °C/min and maintained for 1  h when the activa-
tion temperature was reached. After the furnace and 
sample were cooled to room temperature, the sample 
was removed and separated by a 200 µm sieve. After 
pyrolysis, BSG was named according to the activation 
temperature as BSG-450, BSG-650, or BSG-850, and 
all types of BSG, including BSG-R, were stored in a 
desiccator to maintain a consistent humidity.

Chemicals

Cobalt nitrate heptahydrate (Co(NO3)2-7H2O, Sigma 
Aldrich) and strontium nitrate (Sr(NO3)2, Sigma-
Aldrich) were used to prepare stock solutions for 
each element in all adsorption experiments. Manga-
nese nitrate tetrahydrate (Mn(NO3)2-4H2O, Sigma-
Aldrich), cadmium nitrate tetrahydrate (Cd(NO3)2-
4H2O, Sigma-Aldrich), nickel nitrate hexahydrate 
(Ni(NO3)2-6H2O, Sigma Aldrich), and sodium chlo-
ride (NaCl, Merck) were used to prepare stock solu-
tions for each element in the competitive adsorption 
experiment. To adjust the pH, sodium hydroxide 
(NaOH, Sigma Aldrich) and 70% nitric acid (HNO3, 
Daejung) were used. ICP multi-element standard 
solution IV (1.11355.0100, Merck) was used to meas-
ure the Co and Sr concentrations of the samples.

Characteristics of BSG

In order to determine sample characteristics, 2  g of 
a BSG sample was added to 10 mL of distilled water 
(1:5 g/mL) and mixed at 150  rpm for 15 min. After 

mixing, the sample was centrifuged at 3000 rpm for 
5 min, and the pH of the supernatant was measured 
using a pH meter (Thermo Orion 720 A + , USA).

For cation exchange capacity (CEC) analysis, 1 M 
of NH4OAC (pH 7.0) was passed through the soil 
to concentrate the cation exchange charges to NH4

+ 
and washed with 95% ethanol solution. Then, MgO 
was added to the NH4

+-concentrated soil, distilled, 
and collected by NH3 gas using a Kjeldahl distiller. 
Finally, CEC was measured by titration using an acid 
solution. CEC analysis was performed by the Seoul 
Green Bio Research Facility Center (GBRFC).

Determination of the existence and distribution 
of the surface functional groups in BSG, Fourier-
transform infrared spectroscopy (FT-IR) analysis was 
performed using a spectrophotometer (Bruker Ver-
tex 70v, USA) using the attenuated total reflection 
(ATR) method (crystal: Ge, refractive index = 4.0). 
Brunauer–Emmett–Teller (BET) analysis was con-
ducted on the four types of BSG to assess the dif-
ference in surface structure and pore size using 
Micromeritics Tristar II 3020 (USA). Before analysis, 
all samples were dried under a vacuum at 70 °C for 
24 h to remove moisture. After pretreatment, N2 gas 
was used as the adsorption gas. BET analysis was per-
formed by the Korea Polymer Testing and Research 
Institute (KOPTRI). Scanning electron microscope 
(SEM) analysis was conducted to confirm whether 
each type of BSG had a different surface structure 
(HITACHI High Tech Co.. S-4800 cold type, Japan), 
and the elemental composition was determined using 
an elemental analyzer (Elementar UNICUBE, USA).

Effect of pH

To avoid the removal of Co and Sr by precipitation 
rather than adsorption, all experiments were con-
ducted at pH < 8. The pH of the Co and Sr stock solu-
tions (initial concentration:10  ppm) was adjusted 
to a pH of 2, 3, 4, 5, 6, and 7 using 0.1  M NaOH 
or 0.1  M HNO3. Four types of BSG (0.05  g) were 
added to 40 mL of stock solutions of different pH lev-
els (1.25 g/L ratio) and shaken at 200  rpm for 24 h 
at 298  K. After shaking, the BSG-containing liquid 
was filtered through a 40  µm PTFE syringe filter to 
prevent additional adsorption. The filtered liquid was 
stored at room temperature and the concentrations of 
Co and Sr in the aqueous solution were measured. All 
the processes for the pH experiment were duplicated.
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Adsorption experiment

For the adsorption kinetic experiments, 2 L of Co 
and Sr stock solutions were prepared (initial concen-
tration:10 ppm), the pH was adjusted to 7, and only 
BSG-850 was used. A 2.5  g BSG-850 sample was 
mixed with 2 L of Co and Sr stock solutions (1.25 g/L 
ratio). The mixtures were shaken at 400 rpm at room 
temperature for 48  h. During shaking, 5  mL of the 
sample was removed at specific times and filtered 
using a 40  µm PTFE syringe filter to prevent addi-
tional adsorption. The filtered liquid was stored at 
room temperature and the concentrations of Co and 
Sr in the aqueous solution were measured. All the 
processes for the adsorption kinetic experiments were 
duplicated, and the concentration change of Co and 
Sr was applied to the pseudo-first model (PFO) and 
the pseudo-second model (PSO) to determine which 
model was appropriate for Co and Sr adsorption. The 
specific equations for the PFO and PSO models and 
the calculation of the adsorption capacity are:

where Qe is the adsorption capacity at equilibrium, 
Qt is the adsorption capacity at time t, and K is the 
kinetic constant. The adsorption capacity was cal-
culated by multiplying the volume of the stock solu-
tion (V) by the change in concentration (C0 − Ct) and 
dividing by the weight of the used BSG (m).

For the adsorption isotherm experiments, the pH 
of the Co and Sr stock solutions was adjusted to 7, 
and only BSG-850 was mixed with the stock solu-
tions. A 50  mg BSG-850 sample was mixed with 
40 mL of Co and Sr stock solutions. The initial con-
centrations of the Co and Sr stock solutions were 1, 
2.5, 5, 10, 25, 50, and 100 ppm. The mixtures were 
shaken at 200 rpm at 298 K for 24 h. After mixing, 
the change in concentration was measured, and the 
data were applied to the Langmuir and Freundlich 
models to determine the maximum adsorption capac-
ity (Qe) and properties of adsorption with BSG. All 
other experimental procedures were the same and 
duplicated.

(1)PFO model ∶ Qt = Qe

(

1 − exp−Kt
)

(2)PSO model ∶ Qt = Q2
e
Kt ∕

(

1 + QeKt
)

(3)Qe =
(

C0 − Ct

)

V/m

Effect of temperature, competitive ions and 
bio‑regeneration

The experimental design conditions for the effect 
of temperature experiments were the same as the 
adsorption isotherm experiments with the exception 
of the temperature conditions. The adsorption tem-
peratures were 298, 308, and 318 K, respectively and 
all experiments are duplicated.

For the competitive ion experiments, nickel (Ni), 
manganese (Mn), cadmium (Cd), and sodium (Na) 
were selected because of their relatively short half-
lives compared to that of other radionuclides. Each 
element was added to the Co and Sr stock solutions, 
and the change in concentration after the adsorption 
process was measured by comparison with adsorption 
isotherm data. All the processes for the competitive 
ion experiments were duplicated.

After one adsorption process, the BSG was des-
orbed using 0.01  M HNO3 under the same experi-
mental conditions, such as pH, adsorption time, or 
temperature. The 2nd adsorption process followed 
the 1st desorption. In total, five adsorption processes 
were conducted, and the maximum adsorption capac-
ities at each step were compared. All the processes for 
the bio-regeneration experiments were duplicated.

Results and discussion

Properties of BSG

After the pyrolysis process, all BSG types (BSG-
450, BSG-650, and BSG-850) had a black color, 
whereas the original state of BSG and BSG-R had a 
yellow–brown color (Fig. 1). The pH and CEC were 
measured as the fundamental chemical properties of 
all BSG types and are described in Table  1. As the 
pyrolysis temperature increased, both the pH and 
CEC decreased. This is because the surface func-
tional group, the most important parameter in deter-
mining pH and CEC, disappeared with a high level of 
pyrolysis in BSG-650 and BSG-850 (Tomczyk et al., 
2020).

FT-IR spectroscopy was used to confirm the sur-
face functional groups of BSG, and the results are 
shown in Fig.  2. BSG-R has several peaks such as 
the O–H bond (3300 cm−1), C=O bond (2920, 2360, 
and 1740  cm−1), C-H bond (2850  cm−1), and C-O 
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bond (1240 and 1030 cm−1). Among them, the O–H 
bond at 3300  cm−1, and the C-O bonds at 1240 and 
1030  cm−1 are common peaks on biomass mate-
rial, which indicate the vibration of the OH group of 
cellulose, the C-O stretching of lignin, and the C-O 
stretching of hemicellulose, respectively (Balogun 
et  al., 2017; Hassan et  al., 2020). Thus, the main 

components of BSG were cellulose, hemicellulose, 
and lignin, as confirmed by the literature review and 
the results of the FT-IR analysis of BSG-R.

The decrease in surface functional groups was 
also confirmed by FT-IR analysis. When the pyroly-
sis was performed at 450  °C, the surface functional 
group decreased compared to the raw state. In the 
graph (Fig.  2), BSG-450 has similar peaks to BSG-
R, but has a lower absorbance value, which indicates 
a decrease. Previous research has explained that this 
result is due to the breakage of functional groups dur-
ing the pyrolysis process (Balogun et al., 2017; Tom-
czyk et al., 2020).

However, after pyrolysis at 650 and 850 °C, most 
of the peaks disappeared but had a higher absorb-
ance compared to that of BSG-R and BSG-450. In 
addition, BSG 850 had a similar pattern and higher 
absorbance than BSG-650. This was due to the high 

Fig. 1   Images of BSG: 
original state, BSG-R, 
BSG-450, BSG-650, BSG-
850 (from the left)

Table 1   Physicochemical characterizations of all BSGs: pH, 
CEC, surface area and pore volume

BSG type pH CEC 
(meq/100 g)

Surface 
area (m2/g)

Pore 
volume 
(cm3/g)

BSG-R 5.26 42.5 1.13 0.003
BSG-450 6.74 33.7 2.33 0.0059
BSG-650 7.93 19.9 248 0.13
BSG-850 8.58 14.5 394 0.21

Fig. 2   FTIR spectra of four BSG types: BSG-R, 450, 650, and 850
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pyrolysis temperature. When the pyrolysis tempera-
ture increases, the surface functional groups can 
disappear easily, and the biomass has well-organ-
ized carbon (C) layers, such as graphene and char-
coal (Ahmad et al., 2014; Tomczyk et al., 2020). In 
addition, the increasing tendency of the absorbance 
baseline in BSG-650 and BSG-850 is significantly 
similar to that of natural graphite C (Liu et  al., 
2015). In conclusion, with both low- and high-tem-
perature pyrolysis, the surface functional groups 
decreased, and BSG had well-organized C layers 
after high-temperature pyrolysis (650–850 ºC).

The surface areas and pore volumes of BSG-R, 
BSG-450, BSG-650, and BSG-850 were 1.13, 2.33, 
248, 394 m2/g and 0.003, 0.0059, 0.13, and 0.21 
cm3/g, respectively (Table 1). Both the surface area 
and pore volume increased with increasing pyroly-
sis temperature. This result is consistent with pre-
vious research on biochar, which explains that the 
results are due to the decomposition of organic 
matter and the production of micropores. In addi-
tion, several particles that block pores are thermally 
degraded, and the pores are exposed to an external 
surface during the pyrolysis process; volatile matter 
can be released, which can increase the pore volume 

and surface area (Kwak et  al., 2019; Osman et  al., 
2019; Tomczyk et al., 2020).

In addition, BSG-650 and BSG-850 had a much 
larger surface area and pore volume than BSG-450, 
even though all three BSG types underwent pyroly-
sis. This suggests that BSG-650 and BSG-850 have 
graphite C properties, which were confirmed by the 
FT-IR analysis results above. A large surface area and 
pore volume are important for the adsorption capacity 
of BSG for metals.

Figure 3 shows SEM images of all BSG types at 
5000 × magnification. BSG-R has a relatively smooth 
surface texture, while BSG-850 has the roughest tex-
ture visually. The SEM image at 15,000 × magnifica-
tion is shown in Fig. 4, where different surface struc-
tures and pore distributions can be clearly observed. 
BSG-R has the lowest number of surface pores and 
BSG-850 has the highest number of the surface 
pores. These images are in good agreement with the 
BET analysis results in which BSG-R has the small-
est surface area and pore volume (1.13 and 0.003 
cm3/g, respectively) and BSG-850 has the largest sur-
face area and pore volume (394 m2/g and 0.21 cm3/g, 
respectively). These results are due to the degradation 
of pore-blocking materials and the removal of volatile 
matter, as explained above.

Fig. 3   SEM images of a 
BSG-R b BSG-450 c BSG-
650 d BSG-850 (×  5,000)

(a) BSG- (b) BSG-450

(c) BSG-650 (d) BSG-850
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Figure  5 shows the SEM with energy dispersive 
X-ray analysis (SEM–EDX) images of BSG after the 
adsorption operation. In Fig. 5, Co was observed on 
the surface of BSG, indicating that the adsorption of 
Co by BSG was successful and Sr was also observed 
on the surface of BSG. SEM–EDX analysis con-
firmed that the removal of Co and Sr in the aqueous 
solution was due to adsorption by BSG.

When the pyrolysis temperature was increased, 
the composition of C increased significantly. The C 
composition was 45.88% in BSG-R but was 71.67% 
in BSG-850, and Table 2 shows the elemental com-
positions of the samples. Based on these results, a 
high pyrolysis temperature makes BSG similar to the 
graphite form of BSG, which is the same tendency 
discussed above.

The biochar yield was measured by comparing 
the weight of BSG before and after pyrolysis. BSG-
450 had the highest yield at 54%, followed by BSG-
650 at 27% and BSG-850 at 25%. The biochar yield 
decreased when the pyrolysis temperature increased, 
as shown in Table  2. This is because biochar has a 
more organized C layer under higher pyrolysis tem-
peratures, which means it is more concentrated; this 

tendency was reported in a previous study, even 
though the degree of decrease varies (Li et al., 2019).

Effect of pH

Figure 6 shows the effect of pH on BSG-850. Among 
the four BSG types, only BSG-850 exhibited an 
adsorption capacity. This might be because the large 
surface area and pore volume play the most important 
roles in attaching metals to the BSG. BSG-850 did not 
have significant surface functional groups. In addi-
tion, in BSG-850, the adsorption capacity increased 
with increasing pH. This is due to the different con-
centrations of H + ions at different pH ranges. At low 
pH, the H+ concentration is higher than that at higher 
pH, and H + disturbs the attachment of BSG between 
Co and Sr and cations such as H+.

The maximum removal was observed at pH 7 using 
BSG-850 for both Co and Sr. The specific removal 
capacity was 3.17  mg/g of Co (40.4% removal effi-
ciency) and 1.24  mg/g of Sr (15.5% removal effi-
ciency) under the same experimental conditions (ini-
tial concentration: 10 ppm, mixing at 200 rpm, 298 K, 
BSG dosage: 1.25 g/L). In conclusion, only BSG-850 

(a) BSG- (b) BSG-450

(c) BSG-650 (d) BSG-850

Fig. 4   SEM images of a BSG-R b BSG-450 c BSG-650 d BSG-850 (× 15,000)
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had an adsorption effect, and the highest adsorption 
capacity was observed at pH 7 for both Co and Sr. 
Thus, the main adsorption experiment was performed 
at a pH of 7 to determine the maximum capacity.

Adsorption kinetics and isotherms

Among the PFO and PSO models, both Co and Sr 
kinetic data were well matched to the PSO model 
with R2 values of 0.971 and 0.987, respectively, as 
described in Fig.  7. Table  3 shows several param-
eters for applying data to the PFO and PSO models. 

In addition, the adsorption equilibrium state was 
observed after 24  h of adsorption; therefore, the 
adsorption experiment was performed for 24 h.

The data from the adsorption isotherm experi-
ments were fitted to Langmuir and Freundlich 

Fig. 5   SEM–EDX images of Co (a) and Sr (b) in BSG surface

Table 2   Elemental composition and biochar yield after pyrol-
ysis

BSG type Elemental composition (%) Biochar 
yield (w/w, 
%)N C H S

BSG-R 3.43 45.88 6.62 0.43 –
BSG-450 4.43 67.22 3.22 0.17 54
BSG-650 2.59 69.34 1.8 0.1 27
BSG-850 2.03 71.67 1.26 0.08 25
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models. According to the Freundlich model, the 
adsorption site of the adsorbent is heterogeneous, 
has multiple adsorption layers, and does not involve 
chemical forces. On the other hand, the Langmuir 
model has homogeneous adsorption sites, mono-
adsorption layers, and chemical forces. The Fre-
undlich model assumes an irreversible reaction, 
whereas the Langmuir model assumes a reversible 

reaction. The specific equations of the two models 
are described as:

where KF and Qm represent maximum adsorption 
capacities, 1/n is the adsorption strength, KL repre-
sents the adsorption coefficient, and Ce and Qe rep-
resent the mean concentration of adsorbates and 
adsorption capacity at a specific concentration, 
respectively (Langmuir, 1918; Qiu et al., 2013).

Figure 8 shows the results of the application of Co 
and Sr to both adsorption models. Among the two 
models, the Langmuir model was a better fit for both 
the Co and Sr results. The specific parameters of the 
adsorption model are described in Table  4. In con-
clusion, both Co and Sr follow the Langmuir model 

(4)Freundlich model ∶ Qe = KFC
1∕n
e

(5)
Langmuir model ∶ Qe =

(

QmKLCe

)

∕
(

1 + KLCe

)
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Fig. 7   Adsorption kinetic system: Co (a) and Sr (b)

Table 3   Summary of adsorption kinetics parameters

Models Parameters Adsorbates

Co Sr

PFO model 
(pseudo-first 
order)

Qe (mg/g) 3.172 1.391
K1 (L/min) 0.262 0.853
R2 0.971 0.886

PSO model 
(pseudo-second 
order)

Qe (mg/g) 3.304 1.462
K2 (L/min) 13.09 0.943
R2 0.987 0.948
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Fig. 8   Adsorption isotherm system: Co (a) and Sr (b)
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with 0.979, and 0.948 R2 respectively, and have maxi-
mum adsorption capacities of 3.304 and 1.462 mg/g, 
respectively. With the adsorption isotherm experi-
ments, one of the research objectives was to confirm 
the adsorption capacity of BSG for Co and Sr, was 
achieved successfully. These results also demonstrate 
the potential use of BSG in the field.

Effect of temperature

Figure 9 shows the results of the temperature exper-
iments, and the specific application parameters are 
listed in Table 4. When the adsorption temperature 
increased, the adsorption capacity increased for 
both Co and Sr. Among the two adsorption models, 
the Langmuir model was a better fit to the results 
of both Co and Sr, similar to the previous adsorp-
tion isotherm experiments. At 298 K, the adsorption 
capacities of Co and Sr were 3.268 and 1.462 mg/g, 
respectively. However, the capacity was increased to 
4.659 and 2.54 mg/g, respectively, at 308 K. Moreo-
ver, the highest capacity of 5.516 and 3.036 mg/g, 
respectively, were observed at 318 K. These results 

are because higher temperatures can stimulate the 
chemical reactions and make them faster. In addi-
tion, at all temperatures, Co has a higher adsorption 
capacity than Sr because of its different adsorp-
tion affinities, and several studies have shown the 
same tendencies (Amer et  al., 2017; Ivanets et  al., 
2021; Park et al., 2010; Zhang et al., 2016a, 2016b). 
These results demonstrate that a higher tempera-
ture is more efficient for the adsorption operation of 
BSG in the field.

To determine the activation energy of BSG, 
the Arrhenius equation was used (Eq.  6) (Laidler, 
1984):

where k is the kinetic constant, R is the gas constant, 
T is the temperature, A is the Arrhenius constant, and 
Ea is the activation energy. The k value was calculated 
from the adsorption kinetic data at different tempera-
tures (298, 308, and 318 K), and the activation ener-
gies of Co and Sr are listed in Table 5.

(6)k = Ae−RT/Ea

Table 4   Summary of adsorption parameters at various tem-
peratures

Model Parameters Adsorbates

Co Sr

Freundlich—298 K KF (mg/g)/(mg/L)n 2.467 0.913
N 10.737 8.032
R2 0.738 0.685

Langmuir—298 K KL (L/mg) 43.242 1.379
Qm (mg/g) 3.304 1.462
R2 0.987 0.948

Freundlich—308 K KF (mg/g) / (mg/L)n 3.207 0.726
N 9.611 3.491
R2 0.71 0.852

Langmuir—308 K KL (L/mg) 33.447 0.195
Qm (mg/g) 4.659 2.54
R2 0.968 0.983

Freundlich—318 K KF (mg/g)/(mg/L)n 2.467 0.826
N 10.737 3.361
R2 0.738 0.793

Langmuir—318 K KL (L/mg) 12.031 0.136
Qm (mg/g) 5.516 3.036
R2 0.985 0.969
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Fig. 9   The changes of the adsorption capacity of BSG-850 at 
various pH for Co (a) and Sr (b)
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Effect of competitive ions

Similar to the adsorption isotherm experiment, the 
Langmuir model was a better fit than the Freundlich 
model, with a higher correlation coefficient. Con-
sequently, the adsorption capacity decreased when 
other competitive ions were present. In terms of Co, 
the disturbance effect was Mn (0%) = Na (0%) < Cd 
(24.1%) < Ni (32.2%) while the disturbance effect of 
Sr was Mn (25.2%) < Ni (29.4%) < Na (30.2%) < Cd 
(59.7%). This result might be due to their similar 
ionic radii and different adsorption affinities. The 
specific ionic radii are listed in Table 6, and Fig. 10 
shows the results for the different adsorption capaci-
ties with several competitive ions.

Nickel has similar chemical and physical proper-
ties to Co, such as the ionic radius (Ni: 206 pm and 
Co: 210  pm), and this similarity triggers a distur-
bance effect in the adsorption process. Cadmium has 
a relatively higher disturbance effect on both Co and 
Sr because it has a higher adsorption affinity than 
other ions (Galedar and Younsei, 2013; Wierzba and 
Klos, 2019). Sodium does not have any disturbance 
effect on Co but has a significant effect on Sr. The 
different effects of Na on Co and Sr and the distur-
bance effect on Sr are due to the ionic radius (Na: 
235  pm, Co: 210  pm, and Sr: 260  pm) (Jang et  al., 
2018). In addition, the results of Sr show that all of 

the competitive ions affect the adsorption capacity, 
and it seems that Sr has a relatively low adsorption 
affinity. In conclusion, the existence of competitive 
ions can decrease the adsorption capacity of Co and 
Sr due to their ionic radii and adsorption affinities. If 
BSG is applied to the treatment of radioactive waste 
from NPPs, the dosage should be calculated precisely. 
In addition, Co, Cd, Ni, and Mn in water are monitor-
ing elements for radioactive waste as well as indus-
trial, agricultural, and drinking water. Therefore, BSG 
can be applied to the treatment of these types of water 
to eliminate toxic heavy metals.

Bio‑regeneration and potential usage of BSG‑origin 
biochar

After one adsorption operation, the capacities of Co 
and Sr were decreased to 75.3 and 93.6%, respec-
tively. After continuous 3rd and 4th cycles, the 
capacities of Co (47.8 and 43.6%, respectively) and 
Sr (84.2 and 57.2%, respectively) were reduced. The 
final capacities after the final cycle were 36.2 and 
32.7% for Co and Sr, respectively. Both Co and Sr 

Table 5   Summary of 
activation energies

Adsorbates

Co Sr

1/T 0.00335 0.00324 0.00314 0.00335 0.00324 0.00314
ln k −2.57184 −1.971299 −0.77932 0.058688 2.563949 3.101092
Mw (g/mol) 58.93 87.62
Ea (kJ/g K) 1.194 1.377

Table 6   Ionic radius of several competitive ions in this study 
(Marcus, 1988)

Ion Radius (pm)

Co 2+ 210
Sr 2+ 260
Ni 2+ 206
Mn 2+ 219
Cd 2+ 230
Na + 235
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Fig. 10   The changes of the adsorption capacity of BSG-850 at 
presence of competitive ions
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have a significantly lower capacities than before and 
have approximately 32–36% of their original capacity 
after five adsorption operations (Fig. 11).

According to Galedar and Tounsei (2013)**, the 
adsorption of Co was 0.68  mg/g without any pre-
treatment and was much lower than that reported in 
this study. Since BSG contains radionuclides after 
the adsorption process, it means that BSG should be 
treated as radioactive waste. It seems that increasing 
the adsorption capacity using pretreatment, such as 
using acid, might be more efficient than the desorp-
tion process of BSG.

Table 7 shows the previous study about adsorption 
of Co and Sr using several materials including acti-
vated carbon. Compare to other studies, the adsorp-
tion capacity of BSG according to thus research is 
relatively low, however BSG still has the potential 

usage as the adsorbent due to the several reasons. 
First, BSG is the easiest material to gather than other 
biomasses. As mentioned in upper section, beer is 
one of the most popular beverage in the world and all 
counties have their own brewery or beer industry, so 
there is no big obstacles to get the BSG from them. 
On the other hand, other biomass like nut shells, or 
seed of fruit does not saved in one place which means 
hard to access it. Second, due to the better accessibil-
ity, BSG is cheaper than other materials. Third, there 
is no special pre-treatment to BSG before adsorption 
process. This means there is a potential of increasing 
the adsorption capacity with scientific method which 
can be the direction of following studies.

Conclusions

With a higher pyrolysis temperature, the surface func-
tional group decreased, which induced a higher pH 
and lower CEC value. Moreover, after a high level of 
pyrolysis operation (650–850 °C), the generated bio-
char had a well-organized C structure like graphite. 
This result was confirmed by the higher C content 
and FT-IR analysis. In addition, at higher tempera-
tures, biochar has a larger surface area and more sur-
face pores owing to the degradation of pore-blocking 
materials and release of volatile matter.

Among the four BSG types (BSG-R, BSG-450, 
BSG-650, and BSG-850), only BSG-850 had a sig-
nificant adsorption capacity. The surface area and 
pore volume might have a greater role and effect 
than the surface functional groups and BSG-850 
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Fig. 11   The changes of the adsorption efficiency of BSG-850 
during 5 cycles

Table 7   Comparison of 
previous and this studies 
about adsorption capacity

Adsorbent Adsorption capacity 
(mg/g)

References

Co Sr

Activated carbon from apricot stone 111.1 – Abbas et al. (2014)
Activated carbon from lemon peels 22 – Bhatnagar et al. (2010)
Activated carbon from hazelnut shell 13.88 – Demirbaş (2003)
Granular activated carbon 1.8 – Hete et al. (2012)
Chemical modified activated carbon 51.1 – Kakavandi et al. (2018)
Activated carbon from coconut shell – 2.02 Caccin et al. (2013)
Granular activated carbon – 44.4 Chegrouche et al. (2009)
Plant root tissue – 12.9 Chen (1997)
Activated carbon from banana peels – 41.5 Mahindrakar and Rathod (2018)
Brewer’s spent grain (BSG) 5.516 3.306 This study
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had the highest adsorption capacity by adsorption 
for both Co and Sr at pH 7.

Both Co and Sr adsorption followed PSO in 
terms of adsorption kinetics and took approximately 
24  h to attain the adsorption equilibrium state. In 
terms of the adsorption isotherms, both follow the 
Langmuir model with 0.987 and 0.948 R2 values, 
respectively at 298  K. The maximum adsorption 
capacities of Co and Sr at 298 K were calculated as 
3.304 and 1.462  mg/g, respectively. With 10  ppm 
of initial concentration, 298 K, 1.25 g/L of dosage, 
200 rpm, and 24 h of shaking, BSG-850 has about 
40 and 10% of removal efficiency for Co and Sr, 
respectively. The pH was maintained as 7 after the 
adsorption process.

When the adsorption temperature increased, the 
adsorption capacities of Co and Sr also increased and 
still followed the Langmuir model. At 298  K, BSG 
had 3.304 and 1.462 mg/g capacities for Co and Sr, 
respectively, but increased to 4.659 and 2.54  mg/g 
for Co and Sr, respectively. The highest adsorption 
capacities (5.516. mg/g for Co and 3.036 mg/g for Sr) 
was observed at the highest adsorption temperature of 
318 K.

The adsorption of Co and Sr was disturbed by 
other competitive ions such as Ni, Mn, Cd, and Na. In 
terms of Co, the disturbance effect was Mn (0%) = Na 
(0%) < Cd (24.1%) < Ni (32.2%), whereas the Sr dis-
turbance effect was Mn (25.2%) < Ni (29.4%) < Na 
(30.2%) < Cd (59.7%).

The reusability of BSG was observed by compar-
ing its adsorption capacity after five adsorption and 
desorption operations. The adsorption capacities for 
Co and Sr decreased to 75.3 and 93.6% after the 1st 
cycle. After the 2nd and 3rd cycles, the adsorption 
capacities of Co (47.8 and 43.6%, respectively) and 
Sr (84.2 and 57.2%, respectively) decreased. After 
the final cycle, the capacities were 36.22% for Co and 
32.7% for Sr, respectively.
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