





Hydrothermal preparation of biochar from spent coffee grounds, and its application

Results and discussion
Characterization of adsorbents

FTIR spectra

The spectra of the treated and untreated biochars (Figure 1)
show almost the same pattern of peaks. Significant peaks were
observed in the range 2100-2200 cm-!, which can be ascribed to
the presence of adsorbent group € > C deriving from the alkyne
functional group. The peak at 2650 cm-! suggests the formation
of formic acid dominated by the carboxylic group, which plays an
important role in the binding of metals. Important binding groups
such as C-H stretch and C=0 can relate and play significant roles
during the adsorption process (Kantcheva, 2003).

SEM-EDS

SEM-EDS analysis was done to determine if the treatment with
SDS was successful by comparing the surface areas available for
adsorption on the two biochars. The results of these analyses are
shown in Figures 2 and 3 and Tables I and II.

A comparison of the elemental weight percentages between
the NT biochar and PT biochar, as indicated in Tables I and 11,
shows an increase in sodium from 0%, to 0.3%,, and for sulphur
from 0.12%wt to 1.44%.,,. This indicated that the impregnation
with SDS was a success, leaving the PT biochar with a coarser
outer surface compared to the NT biochar. This change in surface

Figure 2—SEM-EDS of NT biochar
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Figure 3—SEM-EDS of PT biochar
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Figure 1—FTIR spectra of untreated and treated biochar

structure can be attributed mainly to sulphur loading onto the
biochar.

Adsorption effectiveness

Figure 4 shows the SEM-EDS spectra of the NT and PT biochars
after exposure to cadmium in solution. When these spectra are
compared with those for the pure biochars in Figures 2 and 3
respectively, the presence of cadmium in the spectra is clear. This
confirms the ability of both biochars to adsorb cadmium from an
aqueous solution.
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Table |

EDS results NT biochar

Element Weight % Atomic %
C 82.67 86.61

0 16.80 13.21

Si 0.06 0.03

S 0.12 0.05

Cl 0.2 0.07
Fe K 0.14 0.03

Table Il

EDS results of PT biochar

Element Weight % Atomic %
C 82.91 87.31

0 14.97 11.83
Na 0.30 0.17

Al 0.08 0.04

Si 0.09 0.04
SK 1.44 0.57
Fe K 0.21 0.05

keV{Ful Scale 14357 cts Cursor: 0.000 keV|

Full Scale 44123 cts Cursor. 0.000

Figure 4—SEM-EDS of (a) NT biochar and (b) PT biochar post cadmium exposure
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Figure 5—Validation of the Langmuir isotherm model for adsorption of Cd onto (a) NT biochar and (b) PT biochar

Isotherm and kinetic models

The Langmuir and Freundlich isotherms were used to determine
the adsorption mechanisms of the two biochars. This was done
by determining the equilibrium concentration of cadmium after
one hour of adsorption, starting at various initial cadmium
concentrations, and plotting either C/g, vs C, or log ¢, vs log C,,
for the two different isotherms respectively.

Figure 5 shows the Langmuir plots for (a) the NT biochar
and (b) the PT biochar. From the strong linear relationship of
both graphs, the slope and intercept were used to determine the
Langmuir constants ¢, and 4. These are reported in Table IIL.

To validate the Freundlich isotherm model, Figures 6a and
6b were constructed by plotting log(¢,) as a function of log (C,);
the Freundlich isotherm parameters 7 and &, were determined
from the slope and intercept of the plots respectively. The values
obtained are reported in Table III.

From Table 111, it can be observed that the coefficient of
determination (R?) in both instances is close to unity, therefore
the Langmuir and the Freundlich isotherm models fit the
cadmium adsorption equilibrium data for both the treated and
untreated biochars. This implies that cadmium attaches to the
binding groups on the surface of the chars as well as inside the
pores (homogeneous and heterogeneous surfaces) (Yao et al.,
2014; Fosso-Kankeu, 2016).
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Table Il

Langmuir and Freundlich constants

Adsorbent Langmuir isotherm Freundlich isotherm
4,, (mg/g) b R? n k, R2

NT biochar 2.29 -0.062 0.9982 -0.75 457.9 0.9985

PT biochar 9.3197 -1.0893 | 0.9998 -6.4 14.6 0.9972

Kinetic rate experiments were conducted to validate the
pseudo-first and pseudo-second-order kinetics. The adsorption
data over time was considered and the kinetic parameters for
a pseudo-first-order kinetic model and a pseudo-second-order
kinetic model were determined by plotting /n(g, - ¢,) vs ¢ and ¢/q
vs t (Figures 7a and b), respectively. The kinetic parameters are
reported in Table IV.

The ability of the model to predict the adsorption behaviour
of the biochar can be determined by considering the coefficient
of determination (R2). From Table IV, it is clear that the
pseudo-second-order model fits the kinetics of both biochar
samples, while the pseudo-first-order model is not suitable for
the prediction of the reaction kinetics. This implies that the
adsorption of cadmium on both adsorbents took place through a
chemisorption mechanism.
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Figure 6—Validation of the Freundlich isotherm model for adsorption of Cd onto (a) NT biochar and (b) PT biochar

03 099
025 [ ] 0,985 ]
y =0,0014x - 0,0597
0.2 R?=0,82745 0,98 (] ®
?0.15 (a) 3 0,075 .\.\ (b)
g o1 g 097
=)
0,05 L 0965 °
0 09 § @ y = -2E-05x + 0,9754
200 250 3go R?=0,03896
0,05 0,955
o 008 N i . . .
0 50 100 150 200 250 300

t [min] t [min]

Figure 7—Validation of the pseudo-first-order isotherm model for adsorption of Cd onto (a) NT biochar and (b) PT biochar

To calculate the enthalpy change, entropy change, and Gibbs
Table IV free energy the van’t Hoff equation was used:
Pseudo-first and second-order constants AGP AH®  AS©
Adsorbent | Pseudo-first-order kinetics | Pseudo-second-order kinetics Inkq = RT ~  RT R
q(mg/g)| K. | R |q(mo/g) K, 5 To determine the thermodynamic properties of the biochar,
NTbiochar | 0.8716 | -0.0032 | 0.8275 | 4.8239 | -0.0277 | 0.9953 Figure 9 was constructed by plotting In (ge/Ce) vs 1/T.
PTbiochar | 9.449 | 0.00005 | 0.039 | 10.6724 | -0.0803 | 0.9995 The positive values of the Gibbs free energy of the NT
biochar indicate that the adsorption of cadmium on the char
60 was not spontaneous in nature, which is in contrast with the PT
5 & y=0,2073x - 1,553 biochar where it is clearly spontaneous. In a similar way, it can
R?=0,9953 be showned that in both cases the adsorption of cadmium was
40 endothermic in nature due to the large positive enthalpy values,
o 30 y=0,0937x-0,1093 confirming that the adsorption of cadmium on NT biochar and PT
R?=0,9995 . . . .
20 1 biochar occurred through a chemisorption mechanism (Fosso-
N Kankeu et al., 2017b ). The positive entropy values obtained for
AA OB the PT biochar suggest randomness in the solid/liquid interface
0 A :

. 5’0 1(’)0 ) ’0 280 o 300 where there are a few structural changes in the adsorbent and
t [min] adsorbate for the adsorption of Cd.

Figure 8—Validation of the pseudo-second-order isotherm model for ad-

sorption of Cd onto (A) NT biochar and (B) PT biochar with SDS Application of biochar for the treatment of coal tailings

leachate

The pseudo-second-order adsorption capacities clearly show Samples of 100, 200, and 250 ppm dissolved metals in coal
that the PT biochar had a higher adsorption capacity, more than leachate were spiked with 30 ppm cadmium then exposed to
double the adsorption capacity of the NT biochar. This shows that the different biochars for adsorption. The results are shown in
the impregnation with SDS was successful, with ¢, = 10.67 mg/g Figure 10.
compared to the NT biochar with ¢, = 4.82 mg/g. These results As seen from Figure 10, at a 100 ppm metal concentration the
are similar to previous studies reported (Fosso-Kankeu et al., adsorbent showed the highest affinity for cadmium adsorption
2017a). from the solution. With increasing total metal concentration the

. adsorbents’ ability to adsorb cadmium decreased significantly

Thermodynamic study due to competition for binding sites on the adsorbents by other
To evaluate the thermodynamic properties of the biochar, batch metals present in solution . This trend was shown by both the
adsorption experiments were conducted at three different NT and the PT biochar. It is, however, clear that the PT biochar
temperatures (35°C, 45°C, and 55°C). outperformed the NT biochar for each metallic feed concentration,
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Figure 9—Thermodynamic analysis of the adsorption of Cd with (X) NT
biochar, and (Y) PT biochar with SDS
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Figure 10—Effect of whole solution concentration on the adsorption of Cd
with (R) NT biochar, and (S) PT biochar with SDS

validating the use of SDS impregnation in the removal of
cadmium from aqueous mine tailings solutions.

Conclusion

Spent coffee grounds were successfully converted into biochar
using hydrothermal methods. It was proven by SEM-EDS

that SDS surfactant impregnation of the biochar is possible,
creating suitable binding groups that can be identified with FTIR
analysis. The isothermal study revealed that the adsorption
process occurred through a combination of homogeneous and
heterogeneous mechanisms, while the kinetic study confirms

the suitability of the pseudo-second-order model for the
prediction of the adsorption capacity, allowing the PT biochar

to be recognized as the best adsorbent, with a capacity of ¢, =
10.67 mg/g compared to the NT biochar with a capacity of ¢, =
4.82 mg/g. The thermodynamic study showed that the adsorption
of cadmium on the PT biochar was a spontaneous process which
took place through a chemisorption mechanism. Application

of the biochars to coal tailings leachate was more successful

at lower total metal feed concentrations, with the PT biochar
outperforming the NT biochar. Spent coffee grounds, which is
seen as a waste product in most societies, could therefore be
beneficiated to form biochar and applied for effective treatment of
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Table V

Thermodynamic properties

Adsorbent Ka Temperature (K) AG (kJ/mol) AS (J/mol/K) AH (kJ/mol)

NT biochar 0.1071 308 4075.79 253 11879
0.1406 318 3822.43
0.1532 328 3569.08

PT biochar 1.0941 308 -210.98 18.2 5382
1.1420 318 -392.60
1.2443 328 -574.21

> 612 JULY 2019 VOLUME 119

The Journal of the Southern African Institute of Mining and Metallurgy





