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INTRODUCTION

Most of the energy need is still met by conventional
fossil fuels and the increase in world energy
demands results a decrease in traditional energy
resources. Also, carbon emission from fossil fuels is
a dramatic environmental problem growing day by
day and becoming more dangerous. The threat of
global warming associated with the increase in
greenhouse gas emissions, such as CO; has
increased the number of research on this issue, and
most of the work is particularly related to the
development of technologies to reduce these
emissions. These effects, combined with declining
reserves of conventional sources, necessitated the
use of sustainable new generation energy sources,
which would replace the old ones (1). Hydrogen,
which has the potential to solve these major
problems as it can be utilized without any
environmental impacts, is a good alternative among
the new generation energy fuels. It is not a primary
energy source but can be produced from another
source to be transformed for later uses. Therefore,
hydrogen production technologies are among the

most studied and developed technologies in recent
years (2). Among these technologies, hydrogen
production from biomass has some advantages over
others as biomass is abundant and totally renewable
(3). Lignocellulosic biomasses are the most
abundant and economical raw materials as they can
easily be grown in almost all conditions. Their
cellulose and hemicellulose contents can also be
modified and enriched (4). Furthermore, since the
amount of CO, that these plants take from the
atmosphere by photosynthesis to grow is the same
as the amount of CO, released when they
processed, the net effect of biomass processing on
CO. emissions is zero. These advantages make
lignocellulosic biomass a very good alternative
energy source in environmental and economic
terms. However, since there is too much moisture in
the biomass structure, it may need to be dried for
use in some processes, which leads to an increased
cost of the processes. In this process, water is a
participant of the system and acts as both the
reaction medium and the reactant, and thus does
not need to be removed from the medium (5).
Properties of water at different temperature and
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pressures are different than those of water under
normal conditions and the water amount directly
affects the system pressure. So that, water amount,
reaction temperature and system pressure are the
key parameters affecting the system performance
and the product gas distributions (6). Also different
types of catalysts can also be used in hydrothermal
gasification for specific purposes at different
conditions (7-11). Gasification process is a process
in which many factors have some effects at the
same time, and the relations of these effects with
each other are as important as their individual
effects. Therefore, a method in which each of these
effects can be examined together with the
interacting effects can be very useful for the
development of the process. Response surface
methodology (RSM) is defined as a method in which
statistical and mathematical techniques are used
together for development and optimization of
processes (12). The relationship between one or
more response variables and a set of quantitative
parameters can be examined with a response
surface method called Box-Behnken design (BBD). It
is a variety of rotational designs from incomplete
multi-factor designs, which are used in the
estimation of second order model parameters. The
number of test points for BBD is determined by the
“N= 2k(k-1) + nc” equation where “k” indicates the
number of factors and “nc” indicates the number of
central attempts (13,14). Because the lower and
upper limits for all factors in design are never
covered at the same time, unsatisfactory results
from extreme values are prevented by BBD. The
experimental designs have fewer design points and
fewer experiments to be performed. Examples of the
use of the method in gasification can be found in the
literature (15-19).

In this study, we perform the hydrothermal
gasification of sorghum at 250 °C and evaluate the
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individual and simultaneous effects of residence
time, initial water volume, amount of biomass, and
amount of catalyst in terms of hydrogen production
with RSM combined with BBD. In a previous study,
we performed the gasification of kenaf biomass at
sub-critical conditions at temperatures from 250 to
325 °C, and obtained a maximum H, mole fraction in
the gaseous product (44.5%) at 250 °C with RuCl;
catalyst (20). So in this study the temperature was
kept constant at 250 °C. In this way the gasification
process was performed and evaluated at milder
conditions than traditional ones for better energy
efficiency. Since the traditional studies can only deal
with the individual factor effects, this study also
brings novelty to the literature by not only
determining the individual effects of independent
parameters on gasification performance but also
understanding the interacting process parameters.
Numerical optimization was used to optimize the
process parameters for maximum hydrogen yield.
The factors affecting hydrogen production from
gasification of sorghum under these conditions were
examined together, as well as how the factors could
be modified according to each other to achieve the
desired result under the desired specific conditions.
In addition, the most suitable conditions for
hydrogen production could be determined by 95%
confidence level with few experiments.

MATERIALS AND METHODS

Materials

Sorghum is used as lignocellulosic biomass which
was ground to pass 140 meshes. Moisture, ash and
elemental analysis results of sorghum biomass are
given in Table 1. Anhydrous Ruthenium(lll) chloride
(99%, J&K) was used as the catalyst in catalytic
runs.

Table 1. Moisture, ash and elemental analysis results of sorghum biomass .

Sorghum
C (wt %, dry) 39.8
N (wt %, dry) 0.8
H (wt %, dry) 5.2
S (wt %, dry) N/A
O (wt %, dry)? 45 .8
Moisture (wt %) 8.1
Ash (wt %, dry) 8.4
Volatile matter (wt %, dry) nd
Fixed carbon (wt %, dry) nd

2: calculated from difference; nd: not determined

Method

Gasification experiments

Sorghum biomass was gasified at 250 °C. The
gasification of biomass was performed in a 100 mL
stainless steel high pressure reactor (PARR Model
4590 micro bench type) equipped with magnetic
drive stirrer and temperature controller system. The
desired amount (dry, ash—free basis) of sorghum
biomass and catalyst (in experiments where the

catalyst is used) was placed in the reactor with the
desired volumes of water which was stated in the
experimental plan. Then the reactor was purged
with Argon for air removal and sealed. Argon gas
was sent to the system with a continuous input and
output during purge process. The relevant pressures
were monitored to confirm that there was no
amount of gas left in the reactor that would affect
the gasification results. Reactor temperature was
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raised to 250 °C starting from the room temperature
and gasification was continued for the time specified
in the experimental plan by stirring at 1000 rpm
continuously via the magnetic-drive. The internal
(autogenous) pressure inside the reactor was
observed between 100-350 psi depending on the
amount of initial water used. At the end of the
process the reactor was taken out of the heating
system and was immediately cooled down to room
temperature using an ice—cold water mixture.

Gas and liquid product analysis

Gaseous products were collected into a gas buret
that was filled with water and the total gas volume
was measured by water displacement. A dual-
channel Varian 450 series GC equipped with two

TCD detectors were used for product
characterization. Remaining liquid products were
transferred into a cellulose thimble with

dichloromethane and extraction method was applied
using dichloromethane solvent and analyzed with
Gas Chromatography-Mass Spectrometry (GC-MS)
to obtain detailed chemical compositions. GC-MS
analysis was performed by Thermo Finnigan GC-MS
using Thermo TR-5MS capillary column (60 m x 0.25
mm ID x 0.25 um). Detailed information about gas
and liquid product analysis were given in previous
studies (21).

Experimental design and optimization

A 4-factor and 3-level design was performed by
Design Expert 12 software to evaluate the effects of
performance parameters of reaction time (min),
water volume (mL), amount of feedstock (g), and
amount of catalyst (g) and to optimize these
parameters for maximum hydrogen production.
Total volume, hydrogen and carbon dioxide volumes
produced after gasification were used for response
factors. The independent variables were coded as
follows; “A” for reaction time %, “B” for water
volume, “C” for biomass amount and “D” for
catalyst amount. The low, center, and high levels of
each factor level were donated as -1, 0 and +1,
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respectively. Experimental range levels of the
independent variables were given in Table 2. 15
experiments were performed in a randomized order.
A quadratic equation (Eq. 1) was used to establish a
mathematical relationship between the variables
and the response;

N N N-1 N
Y:/jo"'z ﬁiXXi"'ZﬁiiXXiz"'z Z /))inXij
i=1 i=1

i=1 j=i+l

(Eg. 1)

where Y is the predicted response, N is the number
of variables, X; is the independent variable, Bo, Bi, Bi,
and B; are the intercept terms, the linear effect, the
squared effect and the interaction effect,
respectively (22).

Table 2. Experimental range and levels of the
independent variables.

Variables Factor Range and Level

-1 0 1
Time (min) A 0 50 100
Water volume (mL) B 0 35 70

Biomass amount (g) C 1 4 6
Catalyst amount(qg) D 0.01 0.10 0.20

RESULTS AND DISCUSSION

The effects of four factors, namely reaction time
(F1), initial water volume (F2), amount of catalyst
(F3), and amount of biomass (F4) on hydrothermal
gasification sorghum biomass at 250 °C were
evaluated by employing Box-Behnken designed
RSM. The experimental points, in coded and actual
values, with observed response values were given in
Table 3. The | results were determined by using
analysis of variance (ANOVA) statistically. The term
“A” is coded for reaction residence time (min); “B” is
for the volume of water (mL) in the reactor, “C” is
for biomass weight used (g), and “D"” is for amount
of catalyst (g).

Table 3. Experimental plan and the observed response values.

Experimental plan

Observations
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2 -1 0 1 0 15 15 6 0.11 558.0 187.5 340.9
3 1 0 -1 0 60 15 1 0.11 166.5 54.0 30.8
4 1 1 0 0 60 30 4 0.11 3255 1152 169.9
5 0 0 0 38 15 4 0.11 349.0 1129 196.5
6 0 -1 0 38 0 6 0.11 557.0 114.0 312.8
7 0 0O -1 -1 38 15 1 0.01 126.0 57.7 59.8
8 0 0 38 15 4 0.11 357.0 115.0 204.4
9 1 -1 0 0 60 4 0.11 380.0 113.9 2244
10 0 -1 0 -1 38 4 0.01 380.0 128.6 211.6
11 0 0 -1 1 38 15 1 0.20 107.1 38.6 57.1
12 0 -1 0 1 38 0 4 0.20 3255 43.8 2205
13 0 0 1 -1 38 15 6 0.01 660.0 226.0 399.0
14 -1 0 1 15 15 4 0.20 650.0 134.0 88.0
15 0 0 38 15 4 0.11 4233 813 246.2
16 O 1 -1 0 38 30 1 0.11 76.0 3.8 66.5
17 0 -1 -1 0 338 0 1 0.11 1629 59.0 187.2
18 1 0 1 0 60 15 6 0.11 5281 196.5 263.1
19 © 1 0 -1 38 30 4 0.01 354.0 480 191.0
20 O 0O 0O O 38 15 4 0.11 380.6 91.0 1195
21 O 0O 0O 0 38 15 4 0.11 236.0 82.5 148.9
22 -1 0O O -1 15 15 4 0.01 3085 126.0 171.0
23 0 1 1 0 38 30 6 0.11 4441 122.3 303.7
24 -1 -1 0 0 15 0 4 0.11 465.5 133.0 237.6
25 -1 1 0 0 15 30 4 0.11 1995 43.0 157.8
26 1 0O 0 1 60 15 4 0.20 309.2 56.5 146.7
27 0 0 1 1 38 15 6 0.20 5325 984 216.8
28 1 0O 0 -1 60 15 4 0.01 460.0 183.8 251.3
29 0 1 0 1 38 30 4 0.20 253.0 37.1 194.6
Effects of process parameters total gas for the responses of pressure were also given in

volume

The significance of the effects of input process
variables (reaction residence time, “initial volume of
water (mL) in the reactor, biomass weight used and
amount of catalyst) and their interactions on total
gas volume at 250 °C were determined by ANOVA.
The results are given in Table 4. Values of
coefficients of determination (R?) statistically
measures how close the data are to the fitted
regression line and the strength of the relationship
between the model and a variable. The values of R?

PRESS
SS +SS

residual

Pred.Rzzl—[

model

PRESS is the “predicted residual sum of squares” for
the model. A measure of how well a particular model
fits each point in the design. The coefficients for a

=1—-

Table 4. The values of R? and adjusted R? were
calculated as 0.9136 and 0.8272. Predicted R-
squared is a measure of how well the model predicts
a response value. It helps to determine the
overfitting a regression model. An over fit model
includes an excessive number of terms, and it
begins to fit the random noise in the sample. A
predicted R-squared that is distinctly smaller than R-
squared is a warning sign for overfitting. It is
computed as:

PRESS
SS

[ SS SSblock

total curvature

(Eq.2)

new model are calculated with one point “deleted”.
The new model’s prediction is subtracted from the
“deleted” observation to find the predicted residual.
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This is done for each data point. The predicted
residuals are squared and added together to form
the PRESS. The Adjusted R-squared and Predicted R-
squared should be within approximately 0.20 of
each other to be in “reasonable agreement.” If they
are not, there may be a problem with either the data
or the model (23).

The Predicted R? of 0.7133 is in reasonable
agreement with the adjusted R2? of 0.8272; i.e. the
difference is less than 0.2. These results indicated
that the proposed equation was appropriate to
evaluate the relationship of total gas volume with
the input variables without overfitting.

Table 4. ANOVA results for total gas volume.

Source F-value p-value
Model 10.57 < 0.0001
A-time (min) 0.3525 0.5622
B-water volume (mL) 7.06 0.0188
C-weight of biomass (g) 116.63 < 0.0001
D-weight of catalyst (g) 0.2279 0.6405
AB 2.48 0.1380
AC 0.2745 0.6086
AD 13.41 0.0026
BC 0.0375 0.8492
BD 0.1197 0.7346
CD 0.6529 0.4326
A2 1.54 0.2356
B2 1.91 0.1884
c? 0.6549 0.4319
D2 1.41 0.2547
Lack of Fit 0.9076 0.5925
R2 0.9136

Adjusted R? 0.8272

Predicted R2 0.7133

The empirical model defining the relative impact of
the input variables on total gas volume in terms of
coded values is shown below;

Y: = (349.2 - 11.5A - 51.8B + 209.6C - 9.26D +
52.9AB - 17.6AC - 123.1AD - 6.51BC - 11.6BD -
27.2CD + 32.7 A% - 36.5B? - 21.4C? + 31.4) x D? (Eq.
3)

where Y, represents the total gas volume. The factor
coefficients give ideas about the relative effects of
the factors on the desired response. The negative
sign of a coefficient indicates that the increasing
levels of the factor cause decreases in the desired
response values whereas the positive sign means an
increasing effect of the coefficient on the desired
response in contrast.
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According to ANOVA results, the Model F-value was
10.57 with a very low p value (<0.0001), which
implied that the overall model is significant for the
response of total gas volume. Hence, the model can
be used to express the significance of the model
parameters. P-values less than 0.0500 indicate
model terms are significant, in this case B, C, AD are
significant model terms. The model term *“B”
represents the initial water volume in the reactor
and found to have a significant effect on total gas
yield. The direction of the effect was found to be
negative in equation 3 which means the increasing
initial volumes of water used in the process will
cause decreases in total gas volume obtained in the
process. The direction of the individual effect of the
water volume factor was graphically expressed by
the one factor graph of total gas volume as a
function of water volume in Figure 1(a). The
pressure-temperature behavior of water in closed
systems has been studied by Laudise (24). When the
vessel was filled initially with water to less than 32%
of the vessel capacity, the liquid level drops as the
temperature increases because the liquid is lost, i.e.
the water boils to dry. If the vessel is filled initially
with water to 32%, the liquid level remains
unchanged as the temperature rises. In the case of
the loss of liquid to the vapor phase is exactly
balanced by the liquid volume expansion. In a
closed vessel filled more than 32% with water, the
liquid will expand to completely fill the vessel at
some temperature below the critical temperature.
The higher the filling percentage, the lower the
temperature at which the phase in the vessel
becomes liquid (24). As the volume of water is
increased, the volume of vapor decreases and the
volume of liquid phase increase in the reactor. All
these changes observed in the liquid-vapor phase
levels of the system depending on the gasification
conditions lead to changes in product distribution
and gasification yields (20). Therefore, in a closed
system, the vapor and its level In general, gas—gas
and gas-solid reactions occur faster than liquid—
liquid and liquid—solid reactions. In experiments
where lower volumes of water were used, probably
the gas—gas and gas-solid reactions are more likely
to be more effective and the process becomes more
efficient than the experiments in which higher
volumes of water were used (20).

The other significant and effective model term “C”
represents the weight of biomass to be gasified, and
the positive sign of “C” in equation indicates that
the direction of the effect is positive. Figure 1(b)
also shows that the increased amount of biomass
leads to an increase in total gas volume.
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Figure 1. Total gas volumes (mL) as function of a) reaction time (min) b) biomass amount (g).

An interaction effect is the simultaneous effect of
two or more independent factors on at least one
desired response in which their joint effect is
significantly greater (or significantly less) than the
sum of the parts. Here, the significant term “AD”
expresses the interaction effect between the
residence time and amount of catalyst. As the
coefficient factor of AD in equation is relatively

Interaction

1000

D: catalyst (g)

800 -

600 ~

400

15 24 33 42, 51 60
X: A: time (min
Y: total gas (mL

(2)

higher, it can be said that this interaction affects the
total gas production more than other factors. Also
the direction of the effect is negative. To have more
information about the effects of this interaction, the
interaction graph (Figure 2(a)) and 3-dimensional
(3D) response surface plots of total gas volume
against residence time and catalyst amount (Figure
2(b)) can be examined.

total gas (ml)
76,0 I 6500

total gas (mL)

(b)

Figure 2. (a) Interaction graph of reaction time and catalyst amount (b) 3D response surface plot of total
gas volume as function of catalyst amount and reaction time.

According to the information given by the
interaction graphs, while the increase in the reaction
times at the low levels of catalyst (D-0.01) caused a
decrease in the total volume, the lower the reaction
times and the higher the total gas volume
production at higher catalyst amount levels
(D+0.02). This result shows that the reaction time
can be shortened by increasing the amount of

catalyst, or the reaction times should be kept longer
if a high amount of gas is desired by using lower
amounts of catalyst. Since the reaction rate of
hydrolysis in subcritical water is slower than that in
supercritical water (25), it is difficult to gasify high
molecular weight constituents of biomass such as
cellulose and lignin. However, it is advantageous to
gasify biomass in this temperature region since the
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input thermal energy would be low even though the
gasification rate would be slow. This means that the
role of the catalyst in low temperatures becomes
important (7). Many catalysts such as nickel,
ruthenium, palladium, platinum and rhodium have
been examined and reported to be effective to
increase the gasification performances at subcritical
gasification conditions. (9).

Although the gaseous products formed after
experiments are mixtures of H,, CO, CO and CHy,
the major products are hydrogen and carbon
dioxide, even CO; has the greatest ratio almost in all
runs (37-71%). H, contents vary from 15% to 55%
whereas the CO and CH,4 contents vary between 1%
and 10%. No significant correlations between the
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process parameters and the CO and CH, contents of
the product gas can be found, so only the effects of
process parameters on hydrogen and carbon dioxide
production will be evaluated in this study.

Effects of process parameters on H; yield and
CO; production

The ANOVA results showing the significance of the
process parameters and on hydrogen production
and R? values are given in Table 5. The values of R?
and adjusted R? were calculated as 0.9502 and
0.9003. The Predicted R2? of 0.7681 is in reasonable
agreement with the adjusted R2 These results
indicated that the proposed equation was
appropriate to evaluate the relationship of hydrogen
volume with the input variables.

Table 5. ANOVA results for hydrogen volume and carbon dioxide volume.

H, CO,
Source F-value p-value F-value p-value
Model 19.06 < 0.0001 7.76 0.0002
A-time (min) 0.5294 0.4789 0.0341 0.8562
B-water volume (mL) 14.26 0.0020 1.93 0.1861

C-weight of biomass (g) 132.03
D-weight of catalyst (g) 37.55

AB 7.19
AC 0.0617
AD 15.76
BC 3.48
BD 4.70
CcD 10.13
A2 16.78
B2 16.28
C2 0.3967
D2 0.0002
Lack of Fit 1.12
R2 0.9502
Adjusted R? 0.9003
Predicted R? 0.7681

< 0.0001 94.36 < 0.0001
< 0.0001 5.64 0.0324
0.0179 0.0836 0.7767
0.8075 0.2734 0.6092
0.0014 0.0609 0.8087
0.0833 0.0176 0.8963
0.0479 0.0036 0.9527
0.0067 4.21 0.0593
0.0011 0.3073 0.5881
0.0012 1.31 0.2724
0.5389 0.0217 0.8850
0.9882 0.0093 0.9244
0.4985 0.6904 0.7116

0.8858

0.7717

0.5882

The empirical model defining the relative impact of
the input variables on hydrogen volume in terms of
coded values is shown below;

Y, =96.6 + 3.6A - 18.6B + 56.2C - 30.1D + 22.8 AB
+ 2.1AC - 33.8AD + 15.9BC + 18.5BD - 27.1CD +
27.4A% - 27.0B% + 4.2C? + 0.1D? (Eq. 4)

where Y; represents the hydrogen volume.

According to ANOVA B, C, D, AB, AD, BD, CD, A2, B?
are significant model terms on hydrogen production
since the p-values are lower than 0.05. Water
volume (B) was found to be effective on hydrogen

production as water is one of the main actors of the
hydrothermal process. The direction of the effect
seems negative as the factor coefficient of B is
negative in Eg. 3. Besides the main effect, water
volume is also an interacting parameter the reaction
time and catalyst amount, so the certain effect of
the water volume factor should be evaluated in
terms of so the effect of water volume on hydrogen
production should be evaluated by taking into
account these interactions. Figure 3(a) and (b) show
the 3D surface plots of hydrogen volume as a
function of water volume/reaction time and water
volume/catalyst amount.
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(b)

Figure 3. 3D response surface plots of hydrogen volume as function of (a) reaction time (min)/water
volume (mL); (b) catalyst amount (g)/water volume (mL).

The relationship between volume and reaction time
from Figure 3(a) shows that the increase in
hydrogen volume with the increasing reaction time
is higher at the highest levels of water volume and
reaction time is an effective parameter to reach
higher yields of hydrogen. On the other hand,
reaction time becomes less effective and there is no
significant difference between the hydrogen
volumes produced in any reaction time at the lower
levels of water volume. This result may indicate that
gasification reactions occur rapidly at low water
volumes and the effect of the reaction period
becomes insignificant. Thus reaction time for such
conditions can be kept less provided that the water
volume is reduced in order to achieve higher
hydrogen yields.

Figure 3b shows the interactions of the water
volume with the catalyst amount. It is seen from the
figure that more hydrogen is produced at lower
levels of catalyst. While the amount of water at the
lower levels does not have a significant effect on the
volume of hydrogen gas produced, the volume of
hydrogen gas tends to increase slightly up to a level
of water volume, but tends to decrease slightly after
this level. The increase in the amount of catalyst
results in a reduction in hydrogen production.
Catalyst amount is a significant process parameter

in terms of its main effect and negativity of the
direction of this effect can also be seen in the Eq. 4
from the negative sign of the factor coefficient “D".
But the effect of water volume on hydrogen
production becomes highly significant at higher
amounts of catalyst, and in order to increase the
volume of hydrogen gas at high levels of catalyst,
the amount of water must also be increased. The
RuCl; catalyst can be active on both the surface and
in the interior of the biomass, contributing to the
formation of more gaseous products and hydrogen,
since it can be diffused into the interior of the
biomass along with water via dissolution. The RuCls
catalyst is also efficiently dispersed in the interior of
the biomass with water as more RuCl; is dissolved
with an increasing volume of water at 250 °C. This
provides a catalytic effect on both the surface and
inside of the biomass leading to an increase in
production of hydrogen other gas products.

The interaction effects of catalyst amount/reaction
time and catalyst amount/biomass weight are also
effective on hydrogen production. These effects can
be evaluated from the 3D surface plots of hydrogen
volume plotted against catalyst amount/reaction
time and catalyst amount/biomass amount, which
were shown in Figure 4 (a) and (b).
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Figure 4. 3D response surface plots of hydrogen volume as function of (a) biomass amount (g)/catalyst
amount (g); (b) catalyst amount(g)/time.

It can be seen from Figure 4 (a) that at higher levels
of catalyst amounts (D+0.20g), it is possible to
obtain more hydrogen gas at shorter reaction times,
but the volumes of hydrogen gas obtained are not
as high as the lower levels of catalyst amounts even
if the reaction times are shortened. At low catalyst
amount levels (D-0.01g), the reaction time is highly
effective on the process and the need to be
extended to increase the produced hydrogen
volumes. Figure 4 (b) shows an increase in the effect
of the amount of catalyst on the process by
increasing the amount of biomass in the reactor and
higher volumes of hydrogen can be produced with
increasing the biomass feed of the reactor at lower
levels of catalyst amount. This is due to the fact that
longer reaction times are required to complete the
interaction of a certain amount of dissolved catalyst
with the biomass, due to the lower mass ratio of
catalyst/biomass.

The ANOVA results showing the significance of the
process parameters and on carbon dioxide
production and R? values are given in Table 4. The
values of R? and adjusted R? were calculated as
0.8858 and 0.7717. The Predicted R2? of 0.5882 is in
reasonable agreement with the adjusted R2. These
results indicated that the proposed equation was
appropriate to evaluate the relationship of hydrogen
volume with the input variables. The empirical

model defining the relative impact of the input
variables on carbon dioxide volume in terms of
coded values is shown below;

Y3 ={183.1+2.3A-17.6B+122.7C - 30.0D + 6.3AB
- 11.5AC - 5.4AD + 2.9BC - 1.3BD - 44.9CD - 9.5A}2
+19.62 -2.5 C2 - 1.7 (Eq. 3)

where Y3 represents the carbon dioxide volume.
According to ANOVA results, biomass amount (C)
and catalyst amount (D) are the significant
parameters which are effective on produced CO,
volume. The value of the factor co-efficient of C,
which is relatively higher than the others, indicates
that biomass concentration is highly effective on
carbon dioxide volume. The direction of the effect is
positive which means the increasing levels of
biomass concentration will increase the produced
carbon dioxide volumes. Biomass concentration has
no interaction with the other factors as the model
terms AC, BC and CD were found to be insignificant.
The other variable, which has a significant effect on
carbon dioxide production, is the catalyst amount.
The factor coefficient of “D” in equation is negative
indicating that the higher levels of catalyst amount
will result in a decrease in carbon dioxide
production. The carbon dioxide volume as function
of amount of catalyst and amount of biomass is
given in Figure 5.
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Figure 5. 3D response surface plots of carbon dioxide volume as function of catalyst amount (g)/ biomass
amount (g).

Optimization of the process parameters for
maximum hydrogen production

The main part of the study was to determine the
optimum conditions for high hydrogen production
from co-gasification of sorghum biomass and coal
by supercritical water gasification under mild
conditions. Desirability function and numerical
optimization method were used to optimize the
variables by targeting the maximum total gas and
hydrogen volume. Figure 6 shows the desirability
values at the end of the hydrogen volume
maximization study, with the desirability value of
1.0 depending on the selected maximum total gas
with a maximum hydrogen content goal for the
variables. The optimum conditions for maximum
hydrogen production were determined as residence
time of 59.3 minutes, water volume of 10.5 mL with
a catalyst amount of 0.02 g. The optimal parameter
values were validated by experiments. The
predicted and experimental values are given in
Table 6. The 3D response surface plot of desirability

as a function of coal percent and water volume is
given in Figure 5.

The experimental results were close to those
predicted. 985 mL total gas was produced including
253 mL H: (1.7 mmol Hy/g feedstock). Hydrogen
selectivity is calculated from Eq. (4) as 36.9 %. The
total feedstock conversion was found as 76.0 % (w/

w). Feedstock conversion was calculated from Eq.
(5).
(moles of H,)
Hyd lectivity = X100
ydrogensetectivity (total moles of H,+CO,+CO+CH,)
(Eq.4)

Conversion= [ Total materialloaded into the reactor  daf )~ char ] X100
(Eq.5)

The remaining liquid was also qualitatively analyzed
by GCMS and was found to include mainly furfural
(15.4 min) 2, 4-dimethylfuran (28.6 min), and phenol
(24.9).

Table 6. The predicted and experimental values of optimized process parameters for maximum hydrogen

roduction.
o —
= S °© E) E = —~ - Z
E |salg|lz |2 |2|E|E|E|Z
s |CE|E8| 2|8 |E|S|E]=]¢
£ e | 5| 8l 5| |9 |8 1|33
= © @ O o o
= 2
Predicted 59.3 10.5 6.0 | 0.02 | 699 | 265 | 348 51 35 1
Experimental 59.0 10.5 6.0 | 0.02 | 685 | 253 | 335 51 46
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Figure 6. The 3D response surface plot of desirability function for maximum hydrogen volume against
water volume (mL) and catalyst amount (g) at constant feedstock mass (6.0 g).

CONCLUSIONS

In this study, hydrothermal co-gasification of
sorghum biomass is performed at a constant
temperature of 250 °C in a batch type closed
stainless-steel  reactor. The individual and
simultaneous effects of residence time (min), initial
water volume (mL), feedstock amount (g) and
catalyst amount on the responses of total gas
volume, hydrogen vyield and carbon dioxide
production were evaluated by Box-Behnken design
(BBD) combined with response surface modelling
(RSM). The significance of the factors and their
interactions were determined by Analysis of
variance (ANOVA). It has been found that, in order
to increase the total gas volume obtained from the
process, the water volume should not be increased
above a certain value. Also the reaction time can be
shortened by increasing the amount of catalyst, or
the reaction times should be kept longer if a high
amount of gas is desired by using lower amounts of
catalyst. The reaction time is to be kept low, the
water volume must be reduced in order to achieve
higher hydrogen yields. The effect of water volume
on hydrogen production becomes highly significant
at higher amounts of catalyst, and in order to
increase the volume of hydrogen gas at high levels
of catalyst, the amount of water must also be
increased. The optimum conditions for maximum
hydrogen production from 6.0 g of sorghum were
determined as residence time of 59.3 minute, water
volume of 10.5 mL with a catalyst amount of 0.02 g.
At these conditions 76.0 % of biomass is converted
to 685 mL total gas with 36.9% hydrogen selectivity.
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Abstract: This paper carried out the study on the adsorption of Acid Orange 7 (ACO7) from aqueous
solutions by mesoporous goethite (MPG). The adsorbent was characterized by XRD, FE-SEM, BJH desorption,
and BET. The effect of process variables such as MPG dosage, reaction time, concentration of ACO7, pH, and
reaction temperature on the ACO7 uptake capacity were systematically investigated in an attempt to
illustrate adsorption performance of MPG. Optimal condition for the adsorption process was 1 g/L adsorbent
dosage, temperature of 328 K, pH of 3, 75 minutes’ contact time and 100 mg/L ACO7 concentration which
yielded a removal efficiency of 90.13%. The adsorption kinetic was best fit to the intra-particle diffusion
model while the equilibrium isotherm was best fit to the Langmuir model, suggesting that homogeneous
uptake was the principal mechanism adopted in the process of ACO7 adsorption with a monolayer
adsorption capacity, gm of 117.9 mg/g. The study revealed that the pseudo-second order model and the
Langmuir isotherm model were the best-fit kinetics and isotherm models to describe the process. The
uptake of ACO7 by MPG was endothermic and spontaneous. The major mechanisms for ACO7 uptake onto
MPG were pore diffusion, hydrogen bonds, n - it stacking interactions and hydrophobic interactions. MPG has
excellent reusability potential with only an 8% drop in performance after 8 cycles. These results indicate
that MPG has wide application prospects in removing ACO7 from wastewater.
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INTRODUCTION characteristics (9, 10). Effluent containing dyes
should be treated before it is discharged to the
Dyes are used all over the world for miscellaneous environment due to its toxicity (11, 12). Hence,
purposes (1, 2). Colorizing the industrial products of there is an immense interest in the uptake of dyes
textile, paper, printing leather, food and cosmetic from polluted water using non-toxic, cost-effective
produce large amounts of colored wastewater (3-5). and biodegradable materials (13, 14). Acid Orange 7
Pulp, paper, and textile industries have been (2-naphthol orange or Orange Il) is an inexpensive
considered as major polluting units across the world and moderately fast azo dye (15, 16). Its popular
(6-8). use and regular occurrence in effluents (17) was the
reason it was selected for the current study.
Industrial dyes are the main sources of
environmental pollution due to their high-toxicity, ~With  the increasing public concerns on
non-biodegradability, mutagenic, and carcinogenic environmental protection, removal of colorful
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dyestuffs from wastewater has become an
especially important issue (18, 19). Dye removal can
be managed via coagulation, biodegradation,
chemical degradation, and photo-degradation and
adsorption methods (20). Every method has
advantageous and disadvantageous from the points
of effectiveness and cost except adsorption (20, 21).
In recent years, adsorption method with low cost,
high operability and no secondary pollution has
been widely used to remove dyes in aqueous
environments and soils (12, 21). There are a lot of
investigations about the utilization of renewable and
low budget adsorbents like Azolla filiculides, Lemna

minor, Canola, pumice stone, bentonite, cherry
kernels, husk rice, sewage sludge and
montmorillonite (22-24).

Goethite is an environmental stable iron oxy-

hydroxide (25). Researchers have employed it for
water management (26, 27). The study on the
capacity of adsorption of goethite is scarce (28, 29).
The utilization of mesoporous goethite (MPG) for the
adsorptive uptake of pollutant dye like Acid Orange
7 (ACO7) is unreported, therefore, this study was
done. The adsorption capacity of MPG for ACO7
uptake  from liquid was examined. The
characterization of MPG was done via the X-Ray
Diffraction (XRD), Field Emission Scanning Electron.
Microscopy (FE-SEM), Barrett-Joyner-Halenda (BJH)
desorption and Brunauer-Emmett-Teller (BET). The
effects of several process elements such as MPG
dose, pH, time of contact, ACO7 concentration, and
temperature on adsorbate uptake was examined.
This study also considered the adsorption kinetics,
isotherms, thermodynamics and mechanism of the
adsorption process.

EXPERIMENTAL SECTION

Reagents

Acid Orange 7 (2-naphthol orange or Orange Il) is an
azo dye (molecular formula:Ci6H1:N2NaO,S,
molecular mass:350.32g/mol). The  molecular
structure of the ACO7 has been represented in
Figure 1. Ferrous sulfate heptahydrate, Acid Orange
7, hydrogen peroxide (30%), sodium hydroxide, and
hydrochloric acid were obtained from Sigma Aldrich.
A stock solution of ACO7 (500 mg/L) was
synthesized through suspending a suitable
measurement of the ACO7 in ultrapure-water. All
reagents used in the study were of analytical grade.

HO

N

SN

NaO3S
Figure 1: Structure of ACO7.

MPG preparation
The MPG was synthesized using the procedure
reported by (See supplementary). The
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characterization of MPG was done via the XRD, FE-
SEM, BJH desorption and BET.

Batch adsorption studies

The effect of process factors such as MPG dose, time
of contact, initial ACO7 concentration, pH and
temperature was considered during a batch process.
The temperature of the batch adsorption experiment
was varied at 10, 25, 40 and 55 °C; and the removal
of ACO7 was performed as described above. The
effect of contact time was evaluated through
measurements 10, 20, 30, 45, 60, 90 and 120 min.
Each experiment was done using a 100 mL solution
of the dye having a specified initial concentration.
The pH of the dye solution was adjusted using 0.1 N
HClI or NaOH. A known quantity of MPG was
introduced into the ACO7 solution and magnetically
stirred at 160 rpm for a given period. When the
contact time is achieved, the solution is filtered out
by Whatman filter paper. Dye concentrations were
analyzed using UV/VIS spectrophotometry
(Shimadzu, Japan; Model DR 5000) at Amax = 484 nm.
The ACO7 adsorbed on MPG was evaluated using Eq.
1(30):

(Co—C,|V

m

Where G, (mg/L) is the initial ACO7 concentration,
Ce (mg/L) is the ACO7 concentration at a specific
time, V (m3) is the volume of ACO7 solution, and M
(g) is the MPG amount, respectively.

The % removal efficiency is determined using Eq. 2
(31). The dimensionless separation factors (R.) is

determined using Eq. 3 (32), where K, is the
Langmuir constant.
\ (CO_Ce)
R,[%|=——-X100 Eq. 2
0
1
R=r
+K,C, Eq. 3
RESULTS AND DISCUSSION
Characterization of MPG
XRD analysis was done through an X-ray
diffractometer with Philips PNA-analytical
diffractometer. Figures 2-3 shows the

characterization of MPG. The MPG reveals typical
characteristic peaks (Figure 2) at 19.44°, 33.09°,
36.75°, 44.64°, 59.71° and 66.97°, corresponding to
110, 130, 111, 140, 151 and 061 of MPG (JCPDS no.
29-0713), respectively. The sharp and intense MPG
peaks suggest that the material is crystalline in
nature (33). FE-SEM experiment was carried out
using a scanning electron microscopy (SEM) (JEOL,
JSM 6500F). FE-SEM image shown in Figure 3 reveals
the presence of spherical clusters, but most
agglomerated. The heterogeneous outlook suggests
the MPG have good surface area and applicable as a
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sorbent (34). The N, adsorption isotherm was
obtained by means of Quantachrom ChemBET-3000
USA. N, adsorption-desorption isotherms and BJH
desorption of goethite and MPG is shown in Figure 4.
The adsorption-desorption isotherm curves of MPG
exhibit a type IV isotherm with H3 hysteresis loop
which reveals that the adsorbent has a mesoporous
nature. However, the adsorption-desorption
isotherm curves of goethite reveal a type Il
isotherm and the hysteresis loop becomes
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inconspicuous, indicating no typical pores
appearance (29). The specific surface area of MPG
and common goethite are 194.35 and 149.64 m?%/g,
respectively. It can be observed that the
synthesized MPG has a greater surface area than
goethite. Specific surface area is an important
property of an adsorbent as it affects the sorbate-
sorbent interface and influences the extent of
adsorbate uptake (35).

_\_
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50 50
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Figure 2: The XRD of MPG.
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Figure 3: FE-SEM image of MPG.
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Figure 4: N, adsorption-desorption isotherms and Barrett-Joyner-Halenda (BJH) desorption of goethite (a)
MPG (b).

Effect of process factors

Impact of pH

The impact of pH on ACO7 removal was inspected at
a contact time of 75 min, MPG dose of 1 g/L, initial
ACO7 concentration of 100 mg/L and at 25+ 2 °C.
The pH was studied between 3-11. As shown in
Figure 5, the amount of ACO7 removal decreased
from 90.88 to 48.45%, when pH changed from 3.0 to
11.0. In contrast, at a higher pH, the aggregation of
the zwitterionic form of ACO7 molecules occurs
leading to electrostatic interactions between the
carboxyl groups on the MPG (36). This aggregation

of ACO7 leads to the formation of large ACO7 dimers
that are then unable to penetrate the MPG,
decreasing the adsorptive removal of ACO7 (37). In
acidic pH values, the adsorbent surface has a net
positive charge, and a complexation occurs between
the positive charges of adsorbent and the negative
ions of the dye (36). It demonstrates the ability to
compete between -OH ions in dye with available and
active sites at the adsorbent surface (26). The
optimum pH was at 3 and this was utilized for other
experiments.

—&— Removal ge (mg/qg)
100 |'0.6
80 _ B 05
— -0.4
g 60 -
g 20 0.3
e i
° 0.2
20 1 | 0.1
0 T T T T T T T O
3 4 5 6 7 8 9 10 11
pH
Figure 5: Impact of pH on ACO7 removal (at time =75 min, MPG dose = 1 g/L, Co = 100 mg/L, temp = 25
°C).

MPG dose effect
The effect of MPG dose on ACO7 removal was
investigated at 25 2 °C. As shown in Figure 6, the
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effect of dosage on MPG adsorbed ACO7 was
studied with doses of the range 0.2 - 1.4 g/L. The
adsorption ratio increased rapidly as MPG dose
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increased and the adsorption ratio was not
increased considerably when MPG doses were
higher than 0.6 g/L. When the dosage of MPG was
about 1 g/L, the adsorption ratio of ACO7 reached
the maximum (90.88%). Increasing the dosage of
MPG, the adsorption sites of adsorbent could not be
full-scaled used and made some adsorption sites

RESEARCH ARTICLE

approached so that the adsorption capacity of the
ACO7 per unit of MPG gradually reduced (38). In
general, the dosage of MPG affects the surface area
and the available active sites (39). The optimal MPG
dosage was 1 g/L and this was used for the rest of
the experiments.

—e— Removal ge (mg/g)
100+ 250
80 - 200
§ 60 - - 150
o
5
2 40- - 100
X
20+ - 50
0 T T T T T T 0
0 0.2 0.4 0.6 0.8 1 1.2 14
Dose (g/L)
Figure 6: Effect of MPG mass on ACO7 adsorption (at Co = 100 mg/L, temp = 25 °C, time = 75 min, pH = 3).
Impact of temperature thermodynamics modeling results, and the
The investigation of temperature effect on the increasing temperature was beneficial to the

uptake of ACO7 was done by measurements at 10,
25, 40 and 55 °C (Figure 7). The results showed that
ACO7 uptake on MPG was improved with elevating
temperature. With increasing temperature, the
mobility of dye molecules increases, which can
facilitate penetration to surface/interface of
adsorbent (40-41). This showed that the process
was endothermic which was also confirmed by the

100
80 -
60 -

40 -

% Removal

20

adsorption of ACO7 on MPG. The result was similar
to those reported by some researchers (33, 42).
Another hypothesis was that as the temperature
increases, the approached sites, structure and
volume of the pores on the surface of the adsorbent
were increased, which enhanced the relevant
adsorption properties of the MPG adsorbents (43).

0

283 298

313 328

Temp (K)

Figure 7: Impact of adsorption temperature on ACO7 removal (at Co= 100 mg/L, MPG dose = 1 g/L, time =
75 min, pH = 3).
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Impact of ACO7 concentration and contact
time

The adsorptive uptake was rapidly increasing at the
commencement of the adsorption process and
gradually reduced as the adsorption progressed
towards equilibrium (Figure 8). This was because the
amount of the dyes in the solution was high at the
start of experiments, and there were still much-
unoccupied adsorption sites of MPG (44). High initial

RESEARCH ARTICLE

concentration also favored the adsorptive uptake of
ACO7 because it leads to a greater mass transfer
driving force of the adsorbate across the sorbate-
sorbent liquid film (45, 46). Equilibrium was
achieved after about 75 minutes. As the adsorption
proceeding, the decreasing adsorption rate
gradually decreased due to the adsorption sites
were gradually occupied by contaminants (47).

100 - 10 mg/L —e— 25 mg/L 50 mg/L
100 mg/L
80
S 60 -
IS)
£
o 404
(o
20 - < — y
0 T T T T T 1
0 20 40 60 80 100 120
Time (min)
Figure 8: Effect of ACO7 concentration and time on ACO7 uptake (at MPG dosage = 1 g/L, pH = 3.0, temp
= 25 °C).

Adsorption isotherm modeling

The adsorption of ACO7 onto MPG was modeled
using the Langmuir (48), Freundlich (49), Temkin
(50) and Dubinin-Radushkevich (D-R) (51)
isotherms. From Table 1, the Langmuir isotherm
model was observed to be best-fit for the adsorption
data based on the closeness of the R? values to 1.
The values of the separation factor (K.) showed an
increasing trend with temperature increase. This
suggests that ACO7 adsorption is an endothermic
process and this is confirmed by the
thermodynamics result. Since the K, values are less
than 1, it also shows that the adsorption process is
favorable. The good adaptability of Langmuir
isotherm to experimental data means that
homogeneous surface exists in MPG and that the
adsorption of ACO7 onto MPG takes place as a

monolayer (52). The monolayer adsorption capacity
of ACO7 onto MPG is 117.9 mg/g (at 328 K).

The Kr values of the Freundlich isotherm was in the
range of 4.72~9.14 and it showed an increasing
trend with temperature increase, again confirming
the endothermic nature of ACO7 uptake by MPG.
The values of 1/n were also found in the range of
0.141~0.279 at all temperatures used, signifying
again that adsorption is favorable. The Temkin
isotherm model parameters Ky and B+ increased with
temperature which indicates that the heat of
adsorption of ACO7 onto the surface of MPG is
endothermic. From the D-R isotherm, the values of E
were found all smaller than 16 kJ/mol (Table 1),
suggesting that the sorption type of ACO7 onto MPG
was majorly by physical mechanisms.

Table 1: Isotherm parameters for adsorption of ACO7 onto MPG at various temperatures.

Temp (K) Freundlich Langmuir

Ke 1/n R? Om R. K. R?
283 4.721 0.141 0.814 90.62 0.441 0.0127 0.992
298 6.194 0.185 0.849 97.25 0.337 0.0196 0.995
313 7.962 0.224 0.879 106.4 0.281 0.0256 0.998
328 9.147 0.279 0.825 117.9 0.226  0.0342 0.991
Temp (K) Temkin D-R

B Kr R2 s E R2
283 7.42 0.112 0.918 45.69 0.425 0.904
208 8.73 0.195 0.895 51.25 0.691 0.925
313 9.13 0.264 0.927 56.74 0.819 0.896
328 9.87 0.371 0.943 63.79 1.054 0.941
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Kinetics modeling

The kinetics of the adsorption of ACO7 onto MPG
was modeled by the pseudo-first order (53), pseudo-
second order (54) and intra-particle diffusion (55)
models. The results are summarized in Table 2.
From the table, it can be observed that the intra-
particle diffusion model is the best fit for describing
the adsorption process due to its high coefficient of
determination (R?) values. The intra-particle
diffusion model proceeds in two steps hence the
results shown in Table 2 are for step 1 and 2. In the
first step, the uptake of ACO7 occurred on the
surface of adsorbents, while in the second step, the
adsorbate penetrates through the pores of the
adsorbents (56). The values of K;, and K, are the
rate parameters for the first step and second step
respectively. The R2 vales of the IPD step is higher
which suggests that the adsorption takes place
majorly on the surface. From modeling itself, it was
observed that the intercept was not equal to zero,
this explained that intra-particle diffusion was not
the only rate-controlling step in the adsorption
process. The pseudo-second order model was also
well fitted to the adsorption data with similar
conclusions obtained by previous research (57, 58).
This is suggestive that both the amount of available
MPG active sites and the concentration of ACO7
adsorbate in the aqueous phase affects the
adsorption process (59).

Thermodynamics modeling

Thermodynamics modeling was done to determine
the value of some of the parameters, like the
change in enthalpy (AH°), Gibbs energy (AG°) and
entropy (AS°) for the adsorption of ACO7 on MPG
were calculated at different temperatures using Eq.
4-5 (10)

AG° =-RTLnK Eq. 4
AS’ AH’
InK= —
R RT Eq. 5
The values of AH°, AG° and AS° parameters

obtained from the modeling are summarized in
Table 3. The negative values of AG° suggest ACO7
uptake by MPG is spontaneous and the greater the
negative value of AG® goes, the more energetically
favorable the adsorption becomes (60). The
enthalpy change (AH°) was +57.58 KJ/mol,
therefore, ACO7 uptake by MPG is an endothermic
process (43). Also, the positive value of entropy
change (AS°= +0.212 KJ/mol:K) indicates that the
randomness of the solid-solution interface increases
during the adsorption of the ACO7 to the MPG (61,
62). The small magnitude of the values of AG® (<20
KJ/mol) suggest that the uptake of ACO7 onto MPG is
by a physical mechanism (63).
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Adsorption mechanism

To gain a proper understanding of the nature of the
adsorption process, it is important to conduct a
holistic mechanistic analysis (35). Based on the
isotherm and thermodynamics modeling studies, it
is surmised that physical interactions are the major
uptake mechanism of ACO7 onto MPG. At optimal pH
(3.0), there is complexation between Fe cations on
the MPG surface and the ACO7 adsorbate. These
coordination surface complexes are formed by
coordinate covalent interactions between the
ligands (ACO7 in this case) and the metallic ions (Fe
cations). This is achievable because ACO7 has acid
dissociation constants of 11.4 (pKa.1) and 1.0 (pKa2)
(64) hence has valence electrons at the optimum pH
(3.0).

However, since physical interaction forces are more
significant at these optimum conditions, the
presence of Van der Waals’ forces are also
responsible for much of the uptake (65). This is due
to hydrogen bonds between -OH on goethite and
the hydrogen atoms on the adsorbent. Furthermore,
at the zwitterionic form of the adsorbent, the
solubility is usually low and the hydrophobic effect
of the surrounding aqueous phase increases the
adsorptive uptake as the ACO7 then possesses a
greater affinity for the solid phase (MPG in this
case).

Based on the kinetic modeling, it is also observed
that pore diffusion is another important mechanism
of ACO7 uptake onto MPG. From Figure 1, the
multiple benzene rings in ACO7 shows it is a
polycyclic aromatic compound. These benzene rings
possess electron-rich zones around the carbon
atoms that could induce a stacking effect on the
adsorbent. Such n - m stacking interactions are an
important mechanism of uptake for the adsorption
process. The different mechanisms for ACO7 uptake
onto MPG are surface complexation, hydrogen
bonds, pore diffusion, hydrophobic interactions, and
i n stacking interactions and these are
summarized in Figure 9.

Comparison with other adsorbents

In this section, the adsorption capacity of other
adsorbents for ACO7 uptake was compared with that
of MPG. The findings are summarized in Table 4 to
four significant figures and sorted in decreasing
order. It was also important to report the pH and
temperature at which these were achieved because
they are relevant factors that affect the adsorption
process. It can be observed that MPG have
intermediate adsorption capacity in comparison with
other adsorbents reported in literature. It is also
observed that for most adsorbents, a low pH is
required for the effective performance of the
adsorbent. The implication in sustainable water
management is in pre-acidification of effluent before
adsorptive treatment.



Table 2: Summary of kinetics modelling for ACO7 onto MPG

C e exp PFO PSO IPD (step 1) IPD (step 2)

(mg/L) ;mg/g K. Qe R? K I R K. qe R? K. I R?

10 9.71  0.073 3.72 0.841 0051 1951 0.859 0.721 0.211 0.956 0.051 1.951 0.859
25 23.67 0.059 9.14 0.872 0.098 2.762 0.872 0.941 0.495 0.942 0.098 2.762 0.872
50 46.28 0.061 23.73 0.804 1.091 4.826 0.884 1.452 0.652 0.935 1.091 4.826 0.884
100 90.62 0.043 45.84 0.897 1273 5.839 0.865 1.872 0.841 0.948 1273 5.839 0.865

PFO - Pseudo-first order, PSO - Pseudo-second order, IPD - Intra-particle diffusion

Table 3: Values of thermodynamic parameters for the adsorption of ACO7 onto MPG.

Temp (K) AG° (K)/mol) AH° (K)/mol) AS° (K)/mol K)

283 -2.83

298 -5.47 57.58 0.212

313 -8.24

328 -12.64

Table 4: Comparison of sorbent performance for ACO7 uptake

Adsorbents Temp (K) pH qdm (Mmg/g) Ref.
AC from spent coffee/calcium-alginate 303 3.0 665.9 (64)
beads
Mg-Al layered double hydroxide 298 - 485.6 (66)
Amberlite FPA-98 303 7.0 200.0 (15)
MPG 328 3.0 117.9 This study
MWCNT 298 7.0 47.72 (67)
Kenya tea pulps ash - 2.0 41.66 (68)
ZnO nanoparticles 298 3.0 32.13 (69)
Spent brewery grains 303 4.5 30.50 (70)
Surfactant-modified zeolite 298 6.85 15.68 (71)
Zeolite-AC macro-composite 298 7.0 0.190 (72)
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Figure 9: Summary of possible ACO7 adsorption.

Reuse Performance of MPG

The used MPG was regenerated as described by
Erdem et al. (37) (see Supplementary). The ACO7
uptake capacity by the regenerated MPG for 8
cycles was shown in Figure 10. It can be observed
that the ACO7 uptake capacity decreases
moderately with the increase of cycle times from
90.13 mg/g for the fresh MPG to 83.17 mg/g for the
8 cycles. Therefore, these results still show that

—@— Removal
0.2 -

0.15 -

Ce/CO

there was no clear deterioration observed for the
regenerated MPG. It can be surmised that the MPG
has excellent reusability potential with only an 8%
drop in performance after 8 cycles. The ease of
desorption and reuse could be due to the physical
nature of interaction between the adsorbent and
the adsorbate (73). Physical adsorption forces are
not as strong as chemical bonds and are easily
broken by the eluents (74).
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Figure 10: Comparison of ACO7 uptake capacity by fresh and regenerated MPG.



Balarak D et al. JOTCSB. 2021; 4(1): 13-26.

CONCLUSION

The adsorption of ACO7 by mesoporous goethite
(MPG) was investigated. The BET specific surface
area of MPG was 194.35 m?/g. The adsorbent was
heterogeneous, porous and crystalline in nature.
Optimal condition for the adsorption process was 1
g/L adsorbent dosage, temperature of 328 K, pH of
3, 75 minutes’ contact time and ACO7
concentration: 100 mg/L which yielded a removal
efficiency of 90.13%. The uptake increased with
increasing temperature and decreasing pH. The
study revealed that intra-particle diffusion and
Langmuir model were the best-fit kinetics and
isotherm models to describe the process. The
uptake of ACO7 by MPG was an endothermic and
spontaneous process. The monolayer adsorption
capacity of ACO7 onto MPG is 117.9 mg/g (at 328 K).
Upon comparison with other adsorbents for ACO7
uptake, MPG has displayed an intermediate
adsorption capacity. The major mechanisms for
ACO7 uptake onto MPG were pore diffusion,
hydrophobic, hydrogen bonds, n - n stacking, and
interactions. MPG has excellent reusability potential
with only an 8% drop in performance after 8 cycles.
For future work, it will be interesting to investigate
the mechanistic modeling via statistical physics
techniques. The investigation could also be explored

in column set-up to know its performance in
industrial application scenarios.
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SUPPLEMENTARY INFORMATION

MPG preparation

The mesoporous goethite was synthesized by the oxidation of ferrous sulfate heptahydrate with hydrogen
peroxide in aqueous solution following the method reported by Dong et al. (2009). Typically, 0.70 g ferrous
sulfate heptahydrate were added to 21.0 g ultrapure water, and then 30% hydrogen peroxide (6.0 mL) was
added to the above-mentioned solution under vigorous stirring to obtain a homogeneous yellow slurry
solution. Then the suspension was transferred into a PTFE lined hydrothermal synthesis reactor maintaining
150 °C for 6 h. At last, the solid product was centrifuged and rinsed with ultrapure water for several times
until the supernatant was near neutral and dried overnight at 80 °C under vacuum.

Regeneration of used MPG

In this study, the used MPG was regenerated by NaCl solution (1 M) treatment, since the “NaCl
regeneration” method stood out in all methods (Erdem et al. 2010). In the regeneration process, the used
MPG was mixed with 1 M NaCl solution. Then, the mixture was stirred at 200 rpm at 25 °C for 2 h and the
regeneration was performed 8 steps. Finally, the solid samples were filtered, washed, dried and sieved
through a 100 mesh for further analysis. And comparison was made between the AO7 uptake capacity
obtained using regenerated samples and with those obtained using fresh MPG ones.
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