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Featured Application: In this study, activated carbon from lignocellulosic waste biomass was
prepared and it was used to the zinc removal. The adsorption capacity obtained for the prepared
material was compared favorably to other adsorbents used in zinc removal presented in literature.
Therefore, the suitable adsorbent for zinc removal from waste biomass was developed by using
non-hazardous materials. The adsorbent can be used with wide temperature range and with quite
high concentration range.

Abstract: Sawdust was used as a precursor for the production of biomass-based activated carbon.
Carbonization and activation are single-stage processes, and steam was used as a physical activation
agent at 800 °C. The adsorption capacity towards zinc was tested, and the produced activated carbon
proved effective and selectively adsorbent. The effects of pH, initial concentration, adsorbent dosage,
time, temperature, and regeneration cycles were tested. The adsorption capacity obtained in this
study was compared favorably to that of the materials reported in the literature. Several isotherms
were applied to describe the experimental results, with the Sips isotherm having the best fit. Kinetic
studies showed that the adsorption follows the Elovich kinetic model.

Keywords: lignocellulosic biomass; adsorption; carbonization; adsorbent; zinc; regeneration

1. Introduction

Water purification and the removal of toxic substances from wastewaters are increasing global
challenges. Both surface and ground waters worldwide are reported to be contaminated with impurities
deriving from natural and human-involved sources [1]. Metals such as cadmium, chromium, copper,
nickel, and zinc (Zn) are commonly associated with pollution problems [2]. Significant anthropogenic
sources of Zn in the environment include: metallifereous mining [2]; agricultural sources, such
as fertilizers and manure; sewage sludge [3]; metallurgical industries, such as the production of
special alloys and steel [4]; landfill leachates [5]; electroplating in the metal finishing industry [6];
and miscellaneous sources, such as batteries [7]. For humans, Zn is an important micronutrient, but
too-high amounts of Zn can cause depression, lethargy, and neurologic issues such as seizures and
ataxia [8-11]. Therefore, the effective removal of Zn from water is vital.

Various methods and combinations of methods exist for the removal of Zn, including
electrocoagulation [7], ion exchange [5], membrane filtration [6], coagulation—flocculation, flotation,
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and chemical precipitation [8]. The most frequently used methods are ion exchange and membrane
filtration [8]. In addition, adsorption is a suitable method for removing heavy metals such as Zn
because it is simple, highly efficient, and cost-effective and has regeneration potential [11,12]. Activated
carbon is the most widely applied adsorbent for water purification and is traditionally prepared using,
for example, coconut shells or coal as a precursor [13]. The literature contains several studies about
the preparation of activated carbon from different agro-based biomass raw materials, such as cherry
stones, eucalyptus bark saw dust, bagasse, and peanut husks [14-18].

The preparation of activated carbon basically consists of two stages, carbonization and activation.
Carbonization and activation can be performed in one single reaction or in a two-stage reaction
where carbonization and activation are separated in time and space [19]. The carbonization yield
(degree of conversion) varies widely as a function of the amount of carbon being removed as COx or
hydrocarbons. The production of activated carbon is typically dominated by a compromise between
porosity development and process yield [20]. The typical yield for lignocellulosic materials in the
carbonization step is 20 wt%—-30 wt% and after the activation step the overall yield is approximately
10 wt% [21]. The pore structure of the carbon after the carbonization step is insufficient, and therefore
the activation step is needed. In the activation process, spaces between aromatic sheets are cleared
of various carbonaceous compounds and disorganized carbon that might have filled the interstices
during carbonization. Carbonized material is converted into a form that contains a large number of
randomly distributed pores of various shapes and sizes, giving rise to a product with an extended and
extremely high surface area. The carbonized material is further treated using chemical or physical
activation to increase the surface area and the porosity [22,23].

Physical activation is a two-stage process in which the carbonization step is followed by physical
activation. Physical activation is typically done between 600 °C and 900 °C, the temperature range in
which the selective gasification of individual carbon atoms take place. Steam and carbon dioxide are
the most commonly used physical activation agents [22]. The loss of sample mass during the activation
step occurs due to the combined effect of devolatilization and the loss of fixed carbon that remains
after the release of volatiles [20,21]. The porosity is generated in the slow oxidation process where
carbon atoms react with oxygen generating carbon dioxide [21].

The aim of this work is to develop eco-innovative biomass-derived water treatment material from
a renewable source and to study the conditions in which the material can be used effectively. Due to the
bioeconomy and circular economy potential, renewable sources, waste materials, and locally available
materials are the future in the production of activated carbon. There is huge potential in terms of
the use of raw materials, such as saw dust from sawmills and other locally available waste biomass
materials. To that end, sawdust waste from sawmills was used as a precursor in the production of
activated carbon. The carbonization and activation conditions of this lignocellulosic biomass were
optimized, and the material produced was characterized and tested in terms of Zn adsorption based
on wide range of pH levels, initial Zn concentration, adsorbent mass, temperature, and time ranges.
Reuse of the material was also studied by testing the material regeneration using 0.1 M hydrogen
chloride (HCI). Several isotherm models were used, such as Langmuir, Freundlich, and Sips adsorption
isotherms. Pseudo-first-order, pseudo-second-order, and Elovich kinetic models were also used.

2. Materials and Methods

2.1. Preparation of Activated Carbons

A dried and sieved lignocellulosic biomass composed of birch sawdust from a Swedish saw-mill
was carbonized and steam activated in a one-step process in a rotating quartz reactor (Nabertherm
GmbH RSRB 80-750/11, Lilienthal, Germany). The single-stage thermal process was divided into two
sub-stages, a carbonization step in which the temperature was raised to 800 °C and an activation stage.
During the activation, the temperature was set to hold at 800 °C for 120 min with a stream of steam to
ensure proper surface activation. During the whole process, the reactor was flushed with inert N; gas.
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The carbons were crushed and sieved, and a 100-425 um fraction was characterized and used for the
Zn adsorption tests.

2.2. Characterization Methods

The pore size, pore volume, and specific surface area of the produced activated carbons were
analyzed based on nitrogen adsorption-desorption isotherms at the temperature of liquid nitrogen
using a Micromeritics ASAP 2020 system (Norcross, GA, USA). Prior to measurements, samples were
pretreated at low pressures and high temperatures to clean the surfaces. Sample tubes were immersed
in liquid nitrogen (—197 °C), nitrogen gas was added to the samples in small steps, and the resulting
isotherms were obtained. Specific surface areas were calculated from adsorption isotherms according
to the Brunauer-Emmett-Teller (BET) method [24] and pore size distributions were calculated using
the Barrett-Joyner-Halenda (BJH) algorithm [25]. Sample degassing was performed by elevating the
temperature to 50 °C under restricted pressure drop to 15 mm Hg followed by a 10-min hold at 50 °C.
After the hold period, the samples were heated 10 °C/min up to 140 °C under free evacuation. Finally,
samples were degassed at 140 °C for 3 h. This procedure gives a final, constant pressure of 2 um Hg.

The content of carbon present in each sample, given as total carbon (TC) percent, was measured
using a solid-phase carbon analyzer (Skalar Primacs MCS, Breda, The Netherlands). Dried samples
were weighted in quartz crucibles and combusted at 1100 °C in an atmosphere of pure oxygen, and the
formed CO; was analyzed by the infrared (IR) detector of the instrument. Carbon content values were
obtained by reading the signal of the IR analyzer from a calibration curve derived from known masses
of a standard substance, oxalic acid. The total mass of carbon was calculated as a percent of the mass
initially weighted and was measured after the carbonization and activation steps.

2.3. Adsorption and Desorption Experiments

The effect of pH on the Zn adsorption properties of the activated carbons was tested using 25 mL
sample volume, 100 mg/L Zn solution prepared from ZnCl,, adsorbent dosage 5 g/L, and pH range
2-7. Experiments were done in an Erlenmeyer flask, and the mixture was agitated continuously for
24 h to achieve equilibrium between the adsorption and regeneration of Zn. After the pH optimization
experiments were done, the effect of the initial Zn concentration was studied at the optimum pH with
initial Zn concentration range 10 mg/L-500 mg/L by using 24 h adsorption time. After that, adsorbent
dosage optimization tests were done with an adsorbent mass of 0.5-10 g/L at under the previously
determined optimum conditions. After these parameters were optimized, the effect of time was studied,
with time ranging from 1 min to 24 h. The effect of temperature was studied using temperatures of
10 °C, room temperature, 22 °C, and 40 °C. All the adsorption experiments have been done duplicated.
Regeneration experiments were done with a 2.5 g/L. dosage of activated carbon adsorbed with Zn in
optimized conditions and mixed in 0.1 M HCIL. Samples were taken within time range 1 min and 4 h.

Because the pH of the activated carbon prepared from the lignocellulosic biomass is quite alkaline
(pH of approximately 10), the pH of the solution was adjusted in all experiments with 0.1 M or
0.01 M HCl to ensure the correct pH value and to prevent the formation of unwanted precipitation.
pH adjustments were done after mixing the adsorbent and the Zn solution. Before taking the Zn
concentration measurements, the sample was filtered and diluted. The concentration of the Zn in
the solution was measured using atomic absorption spectroscopy (AAnalyst 200 atomic absorption
spectrometer; Perkin-Elmer, Waltham, MA, USA).

2.4. Isotherm Analysis

Below, the results of three non-linear adsorption models are reported. The non-linear form of
Langmuir’s Equation [26] is:
- bLﬂm Ce

qi’ o 1 + bLCg, (1)
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where by (L/mg) represents the energy of sorption, g, (mg/g) is the Langmuir constant that is
related to the sorption capacity, and C, (mg/L) is the Zn concentration of the solution in equilibrium.
The Freundlich model [27] can be written as:

g. = KeCY/™, )

where K¢ (L/g) and np are Freundlich constants related to the sorption capacity and intensity,
respectively. The Sips isotherm [28] combines properties of both the above mentioned models and is
given as:

~ qm(bs Ce)™
1 + (bSCg)"S ’

In this equation constant bs (L/mg) is a constant related to sorption energy, the g, (mg/g) value
relates to the sorption capacity, and C, (mg/L) is the Zn concentration of the solution in equilibrium.
Isotherm parameters were obtained using non-linear regression with OriginPro 2018.

©)

de

2.5. Kinetic Studies

Three non-linear models, the pseudo first-order [29], pseudo second-order [30], and Elovich
models [31], were used to describe the kinetic behavior of the sorption process.
The equation of the pseudo first-order model can be written as:

g = qe(1 - e7™17) @

where k; (min™) is the pseudo-first-order rate constant, g; (mg/g) is the amount of Zn ions adsorbed at
time ¢ (min), and g, (mg/g) is the amount of Zn ions adsorbed at equilibrium [29].
The pseudo-second-order equation is:

2kt
qr = e 5)

 gekot +1°
where the parameter k; is the pseudo-second-order rate equilibrium constant (g/mg min) [30].
The non-linear form of the Elovich equation is:

q= é ln(voﬁ + %lnt), 6)
where § (g/mg) is the desorption constant and vy (mg/g min) is the initial sorption rate [31]. Kinetic
parameters were obtained using non-linear regression with OriginPro 2018.

For both the kinetic and isotherm models, the residual root mean square error (RMSE) was
determined to evaluate the fit of the isotherm equations to the experimental data. The smaller the error
function value, the better the curve fit. The calculated expressions of error function can be defined
as follows:

1 n 2
RMSE = |-} (et ~ et 7

where 7 is the number of experimental data points, p is the number of parameters in the isotherm
model, and Ge(exp) (Mg/g) and Ge(caic) (Mg/g) are the experimental and calculated values of sorption
capacity in equilibrium, respectively.

2.6. Weber—Morris Model

The diffusion mechanism was analyzed using the intraparticle diffusion model introduced by
Weber and Morris, as follows:
gr =kigt? + C, )
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where kig (mg g~! min~?) is the intraparticle diffusion in the rate-determining step, and C is the
intercept related to the thickness of the boundary layer [32].

2.7. Thermodynamics

The thermodynamic parameters calculated from the experimental result reveals the spontaneity of
the process. To solve these parameters, the Van't Hoff equation was applied. The equation is expressed
as follows: AHO ASO
=T TR )
where R is the universal gas constant (8.314 J/mol K), T (K) is the temperature used in the experiments,
and K; (L/g) is the equilibrium constant calculated from the experimental results in equilibrium
conditions using the following equation:

and = -

e
Ky=— 1
1= (10)
In addition, AH where calculated by Van’t Hoff equations:
AGY = —RTInK, (11)

3. Results and Discussion

Biomass-based activated carbon was used in the removal of Zn. The effects of pH, competitive
ions, initial concentration, adsorbent dosage, temperature, time, and desorption were studied. Isotherm
analysis, kinetic modeling, and thermodynamic calculations were done. Experiments were also done
for commercial activated carbon as a reference sample, but the results are not presented because the
removal percentage was 10-30% depending on the initial Zn concentration and the adsorbent dosage

(1 g/L-10 g/L).
3.1. Characterization of Activated Carbon

Table 1 presents the yield of the carbonization and activation steps, TC content, surface area, pore
volume, and mean pore sizes of the prepared activated carbon. Based on the literature, the carbon
content for biomass-based activated carbons typically varies between 65% and 97%. Therefore, the TC
content obtained in this study is very high [33], specific surface area can vary between 336 m?/g and
1080 m?/g for biomass-based activated carbon, and the pore volume can vary between 0.02 cm3/g and
0.80 cm3/g [33]. Therefore, the results obtained in this study are in the same order of magnitude [33].
The total yield of the carbonization and activation steps is 10%, which is typical for a lignocellulosic
biomass [21].

Table 1. Characterization results of produced activated carbon sample.

Brunauer-Emmett-Teller Barrett-Joyner-Halenda
(BET) (BJH)
Specific Pore Average .
Sample Yield [%]  TC [%] Surface Volume  Pore Size Mlc[l:,?lljore Me?:/)}])ore Mac[f)%)ore
Area[m?/g] [em3/g] [nm] ° ’ °
Birch carbon 10 97 860 0.61 2.8 14 84 2

3.2. Effect of pH and Competitive Ion

pH optimization tests were done with the pH ranging between 2 and 7; the results are presented
in Figure 1. The results clearly show that the optimum pH value for adsorption is 4 and that removal
efficiency is slightly lower with pH values of 6 and 7. There is no removal capacity with a pH value
of 2.



Appl. Sci. 2019, 9, 4583 6 0f 15

100 o _

80
X

— 60
©
>
e}

£ 40
()]
o

20

0

2 3 4 5 6 7
pH

Figure 1. The removal percentage as a function of pH. Experiments were done in duplicate and the
range of results were at maximum 3 percentage points.

The effect of competitive ions was studied using a Zn solution prepared from ZnCl, or ZnSO,
within a pH range of 2-6. The results clearly show that the adsorbed amount of Zn and the removal
percentage seem to be dependent only on pH value and not on the competitive ions (C1~ or SO427).
Thus, adsorption towards the biomass-based activated carbon is selective.

3.3. Effect of Initial Concentration

The effect of the initial Zn concentration was studied at the optimum pH value of 4. Other
concentrations were also studied: 10 mg/L, 25 mg/L, 50 mg/L, 75 mg/L, 100 mg/L, 125 mg/L, 150 mg/L,
200 mg/L, and 500 mg/L. The results of the initial concentration experiments are presented in Figure 2.
Biomass-based activated carbon works quite well in the concentration range of 0 mg/L-150 mg/L.
The removal percentage increases as a function of the initial Zn concentration to 75 mg/L and then
starts to decrease sharply. Therefore, the optimum Zn concentration, 75 mg/L, was selected for
further experiments. The optimal adsorption sites are occupied first at low concentrations. When the
concentration increases, there may exist some driving forces to increase the removal percentage. [34].

100
90
80
70
60
50
40
30
20
10

Removal [%)

0 100 200 300 400 500

Zn concentration [mg/L]

Figure 2. Removal percentages as a function of Zn initial concentration. Experiments were done
duplicated and the removal % varied in the range of 3 percentage points.
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Adsorption capacity increases as a function of Zn concentration. The adsorption capacity was
compared to other adsorbents used in Zn removal, shown in Table 2. The adsorption capacities
presented in the literature vary between 2.21 and 52.09 mg/g. The adsorption capacity (21.44 mg/g)
obtained in this study was in the same order of magnitude. The amount of Zn adsorbed as a function
of Zn concentration is presented in Figure 3. Katsou et al. used the initial metal concentration of
320 mg/L [35] and Mohan and Singh reported the initial metal concentration between 1-1000 mg/L [18].
The initial metal concentration used in this study was 10-500 mg/L. The initial metal concentration
may have effect to the adsorption capacity.

Table 2. Adsorption capacities of zinc (Zn) on various adsorbents.

Adsorbent Adsorption Capacity [mg/g] Reference
Natural zeolite 221 [36]
Vermiculite 3.88 [37]
Defatted rice brans 5-17 [38]
Solid residue of olive mill products 5.40 [39]
Activated carbon from almond shells 6.65 [40]
Natural zeolite 13.02 [35]
Apricot stones carbon 13.21 [41]
Biomass-based carbon 21.44 This study
Lignite 22.83 [42]
Activated carbon derived from bagasse 31.11 [18]
Peat 52.09 [43]
25
.20
Y
@
£
— 15
3
_g 10
©
c
N
5
0
10 25 50 75 100 125 150 200 500

Zn concentration (mg/L)

Figure 3. Zinc (Zn) adsorption capacity to carbon surface in different initial concentrations. Experiments
were done duplicated and the range of results were at maximum 0.3 mg/g.

3.4. Effect of Adsorbent Dose

Figure 4 shows the effect of adsorbent dosage on Zn removal % and adsorption capacity. The highest
removal percentage was obtained with doses of 3 g/L and 5 g/L. The adsorption capacities, 4 [mg/g],
increase when the adsorbent dose increases. This is a logical result because the higher amount of
adsorbent can uptake more Zn ions from the solution. The higher the dosage, the greater the number
of available adsorption sites there are to protect against impurities [18,44].
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Figure 4. Zinc removal [%] and adsorption capacity [mg/g] as a function of the mass of the adsorbent.
Experiments were done duplicated and the range of results were at maximum 3 percentage points in
values of removal % and at maximum 0.5 mg/g in adsorption capacity determinations.

3.5. Isotherms

Several non-linear isotherm models (Langmuir, Freundlich, Sips, Bi-Langmuir, Toth, Temkin, and
Dubinin-Radushkevich) were applied to the experimental data. However, according to the R? values
and RMSEs, the Sips model was clearly the best fit (R?> = 0.95, RMSE = 1.81). For that reason, only
the parameters of the most traditional Langmuir and Freundlich isotherms, in addition to the Sips
isotherm, are presented in Table 3. Corresponding fits are illustrated in Figure 5. The applicability of
the Sips model is a very reasonable result, as it is generally known to represent adsorption well on
heterogenous surfaces, which is the case with biomass-based activated carbon materials.

Table 3. Isotherm parameters of Langmuir, Freundlich, and Sips models.

Parameters and Errors Value

Experiment Max. g, [mg/g] 21.44

gm [mg/g] 20.78

. by, [L/mg] 0.29
Langmuir R2 0.87
RMSE 2.68

ng 5.86

. Kr [(mg/g)/(mg/L)"]  8.50
Freundlich R 071
RMSE 4.06

qm [mg/g] 19.10

bg [L/mg] 0.41

Sips ng 4.02
R? 0.95

RMSE 1.81
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Figure 5. Langmuir, Freundlich, and Sips models applied to the experimental results.

3.6. Kinetic Studies

Zn adsorption towards biomass-based carbon at room temperature is quite fast, as can be seen in
Figure 6. Almost 80% removal can be achieved within the first 60 min. The adsorption equilibrium was
attained at 240 min, and it remained constant thereafter. Maximum Zn removal and adsorption capacity

were 95% and 14.4 mg/g, respectively. The fast removal of impurities is typical for carbonaceous
adsorbents [34,44].

100

90 ——

80

70

60

50

Removal [%)]

40
30 e
20

10

0 200 400 600 800 1000 1200 1400 1600

Time [min]

Figure 6. Zinc (Zn) removal [%] as a function of time (minutes). Experiments were done duplicated
and the range of results were at maximum 3 percentage points.

Pseudo first-order, pseudo second-order, and Elovich kinetic models were applied to the
experimental data. The obtained kinetic parameters are listed in Table 4, and fits are shown in
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Figure 7. The best fitting model was the Elovich model, with a correlation coefficient of 0.97 and an
RMSE of 0.68. However, the correlation of the pseudo second-order model was also rarely good as it
typically is for carbonaceous adsorbents [34,44]. The R? value was 0.94, and the calculated equilibrium
removal (13.01 mg/g) was quite similar to the experimental one (14.36 mg/g). It can be seen in Figure 7
that the sorption process of the Zn removal did not take place immediately; rather, equilibrium was
reached after a few hundred minutes. This is typical of processes following the Elovich model.

Table 4. Kinetic parameters of pseudo-first-order, pseudo-second-order, and Elovich models.

Model Parameter Value

Experiments Ge(exp) [mg/g] 14.36
Ge(cay [mg/g]  12.15

kq [min™1] 0.22

Pseudo-1-ord 1
seudo order RZ 0.83
RMSE 1.66

Ge(cay [mg/g]  13.01

Pseudo-2-order ky [g/ mgmin]  0.023

R? 0.94
RMSE 1.04
p [g/mg] 0.69
. vp [mg/g min]  60.28
Elovich R2 097
RMSE 0.68
LT e
14 - s X
M mmmmmccno s e s m o - s
12 4 Fg(
10 K
@ 8 - X
o))
£ ] ¥
N 6 -
O- -
4 X
2_- X Experimental result
| Pseudo-1-order
04 X --=- Pseqdo-z-order
1 Elovich
-2 I

T — 71 - r r Tr rr T 1 1 1T 1
-200 0 200 400 600 800 1000 1200 1400 1600
t (min)

Figure 7. Pseudo-first-order, pseudo-second-order, and Elovich models applied to the experimental
results.

3.7. Weber—Morris Model

The Weber-Morris intraparticle diffusion model was applied to the kinetic data of biomass-based
carbon against the Zn2*. If a plot of g; versus t'/? presents a straight line from the origin, the adsorption
mechanism only follows the intraparticle diffusion process. As can be seen in Figure 8, the data of
Zn?* sorption on biomass-based carbon shows four plots that do not pass through the origin. The first
stages can be attributed to the instantaneous or external surface adsorption. The majority of Zn?* ions
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are diffused through the solution to the external surface of the adsorbent in which the instantaneous
sorption takes place. In the second stage, the adsorption capacity increases only slightly. This stage
can be attributed to the slow diffusion of Zn?* ions from the surface sites into inner pores. In the
third stage, the adsorption rate stays almost constant due to the low Zn?* ion concentration left in the
solution [45,46].

16 -

14
R? = 0.9035

12 | R? = 0.9794

10 | ,
R? = 0.9806

qlmgg’]
[e0]

R? = 0.9982

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 5 10 15 20 25 30 35 40

t1/2 [min1/2]

Figure 8. Weber-Morris intraparticle diffusion model.

3.8. Thermodynamic Effect of Temperature

The effect of temperature on adsorption was studied by performing the experiments at three
different temperatures (10 °C, 22 °C, and 40 °C) to study how the adsorption system works in colder
environments or for higher temperature process waters. The removal percentages at 10 °C, 22 °C, and
44 °C were 88%, 91%, and 92%, respectively. Therefore, temperature has no meaningful effect on Zn
removal, and the produced material can be used effectively in a wide temperature range.

Experiments were performed at three different temperatures, 10 °C, 20 °C, and 40 °C, and the
results were used to calculate the parameters of the Van’t Hoff plot (paragraph 2.6, Equation (8)).
AH® was calculated from the slope of the plot, and AS? was calculated from the intercept of the plot.
In addition, Gibbs free energies AG? were calculated utilizing Equation (10). All the values are shown
in Table 5, and the plot is presented in Figure 9.

The obtained AG values are negative, indicating that the adsorption process is spontaneous.
The positive value of AS” indicates that entropy is increasing in the process, and the positive AH?
value, which is smaller than 40 kJ/mol, refers to endothermic physisorption [47,48].

Table 5. Thermodynamic parameters of Zinc (Zn) sorption on the biomass-based activated carbon.

Temperature (°C) AG° (kJ/mol) AS° (J/molK) AH?° (kJ/mol)

10 -17.06
23 -18.50 110.15 14.00
40 -20.42
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Figure 9. Van't Hoff plot of zinc (Zn) sorption on the biomass based activated carbon.

3.9. Desorption Experiments

After adsorption, the used adsorbents can be disposed of or regenerated; in both cases, there will
be secondary pollution. Metal-loaded, used adsorbents are toxic for humans and the environment.
In regeneration, metals are recovered in the solution form, and secondary pollution is caused by the
regeneration solution [1]. Therefore, the regeneration solution used plays an important role, and the
use of non-hazardous regeneration solutions is preferred. The regeneration solutions typically used
are HC1 [49,50], HySOy4 [36], 1 M KC1 [35], 0.01 M NaNOs [51], and NaCl [52]. The regenerability
of adsorbents is vital to enable cost-efficiency. In this study, Zn desorption was done using 0.1 M
HC]; the results of the desorption experiments are presented in Figure 10. The desorption occurred
immediately after the used adsorbent came into contact with the desorption solution. The desorption
percentage was 80%, which was not related to the time. Therefore, it is possible to regenerate
biomass-based carbon quickly using non-hazardous chemicals.

100
90

80 T‘“—o———% —e Y — —o
70

60

50
40

Desorption [%)]

30
20
10

0 50 100 150 200 250

Time [min]

Figure 10. Desorption [%] as a function of time [min].
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4. Conclusions

The adsorption of Zn(II) ions on biomass-based activated carbon was studied as a function of pH,
solution metal-ion concentration, adsorbent dosage, time, and temperature. The amount (expressed
as a %) of adsorbed Zn was the highest at pH 4. The removal percentage increased to 75 mg/L as a
function of the initial Zn concentration, but the studied carbon adsorbent worked quite well at the
150 mg/L concentration level. The optimum adsorbent dosage was 3 g/L or 5 g/L. Zn adsorption
onto the biomass-based activated carbon was not temperature-dependent. The adsorption isotherm
followed the Sips isotherm and the Elovich kinetic model. Thermodynamic calculations showed
that the adsorption process is spontaneous (negative AG), that entropy increases during adsorption
(positive AS?), and that the adsorption process consists of endothermic physisorption (AH? smaller
than 40 kJ/mol). The adsorption capacity obtained for biomass-based activated carbon was compared
favorably to other adsorbents used in Zn removal presented in literature. As a conclusion, the suitable
adsorbent for Zn removal from waste biomass was developed by using non-hazardous materials. The
adsorbent can be used with wide temperature range and with quite high concentration range.
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