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Abstract—MgAINi-BaFe ternary layered hydroxide (UMLDH) and its calcined (CMLDH) form were synthesized and
tested as adsorbents for methyl orange dye (MO) uptake from water. The adsorptive performances of the new mag-
netic nanocomposites were modeled, evaluated and optimized via response surface methodology (RSM). The UMLDH
and CMLDH maximum removal efficiency and adsorption capacities data were fitted into RSM models with insignifi-
cant lack of fit (p-values<0.05) and high R*=0.991-0.997. The UMLDH and CMLDH MO adsorption capacities
increased with decrease in both pH and initial MO concentration and decreased when the temperature was increased.
Under optimal operating conditions, pseudo-second-order described kinetics of MO sorption on the nanocomposites,
while the Freundlich isotherm gave the best fits for both the two adsorbents. The MO uptake simultaneously incorpo-
rated both mono and multi-layer surface adsorption involving strong electrostatic attraction and chemical interactions
between MO and the adsorbents surface functional groups. Respectively, the obtained maximum Langmuir theoretical
sorption capacity of 715.44 and 708 mg/g, indicated profoundly improved MO sorption capacities compared with many
other magnetic-LDHs. These results demonstrate the potential of MgAINi-BaFe as excellent adsorbents for effective
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remediation of dyes wastewater effluents.
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INTRODUCTION

Compared with many other treatment technologies, adsorption
technique has popularly received increased interest for decontami-
nation of dye wastewater discharges from many industries. This
has been attributed to its adeptness, cost-effectiveness and ease of
operations. Layered double hydroxides have been categorized as a
class of nanocomposites with superlative characteristics for effi-
cient removal of dyes and other pollutants from water and wider
range of environmental applications [1-3]. Consequently, consider-
able efforts have been made towards developing LDH with im-
proved functionalities, particularly in the area of adsorption [4,5].
In the recent decade, the emergence of magnetized LDHs nano-
composites has led to the identification of these materials when used
as adsorbents to exhibit higher capacities for uptake of dyes from
water [5-8]. Layered double hydroxides (LDH), a popular name
given to various groups of anionic clays or hydrotalcite clay, are
identified as unique materials for the increased interest they attract
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for the wide range of roles they play in wastewater and water treat-
ment [9], catalysis [1], biomedical treatment [2] and polymer indus-
try [9,10]. This could be attributed to the achievable special morph-
ology and greater flexibility in terms of chemical composition during
synthesis, which in turn opens the doors for improving their anion
exchange abilities. Consequently; this has led to the emergence of
different classes of hybridized nanocomposite LDH employed for
effective remediation of wastewater containing harmful substances
with higher adsorptive performance than their precursors [11,12].
Moreover, additional unique property of the magnetized forms of
LDH adsorbents is their ability to easily separate the spent residue
materials from the water purified by simply applying a magnetic
field [7,13]. The magnetic MZIF-67 composite reported by Yang
et al. [14] showed the highest sorption capacity for methyl orange
(738 mg/g). Similarly; other researchers reported using different types
of magnetic nanocomposites with some amended features like Zr-
MOFs composites [15], magnetic ferrite magnetic nanoparticles [16]
and chitosan/AlO;/magnetic iron oxide [17] and other non-mag-
netized adsorbents [18,19] yielded good removal of MO and other
dyes from water. The performance of these magnetized materials
has been reported [7,14,15,17,20-28] with MZIF-67 nanocompos-
ites yielding adsorption capacity of up to 738 mg/g [14] However,
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till date, research on synthesis and testing of magnetic LDH for
removal of pollutants for removal of dyes from aqueous phase are
still evolving compared to other classes of adsorbents [5,15,24,29,30].
Thus, this present work reports synthesis of new MgAINi-BaFe
ternary layered hydroxide (UMLDH) and its calcined (CMLDH)
form using co-precipitation technique and their subsequent char-
acterization and utilization for removal of MO from water. MO,
an anionic dye that is discharged in wastewater effluent from numer-
ous kinds of industries needs to be eliminated prior to discharge
due to its potential detrimental consequences to the ecosystem [31].
Thus, under different experimental conditions, performance of the
tested adsorbents for MO adsorption was modeled, evaluated and
optimized using response surface methodology (RSM) and ANOVA.
Moreover, the mechanisms and kinetics of MO removal by adsor-
bents were also investigated.

MATERIALS AND METHODS

1. Materials

Magnesium nitrate hexahydrate [Mg(NO,),-6H,O, Sigma Aldrich
Co., USA], Barium Ferrite [BaFe ,O,y nanopowder, Aldrich, France],
Aluminium nitrate nonahydrate (Sigma-Aldrich, Germany), Nickel
(IT) nitrate hexahydrate (Carlo Erba reagents, France), Sodium
hydroxide and hydrochloric acid were purchased from PanReac
AppliChem (Darmstadt, Germany) and Eurostar (Liverpool, UK),
respectively. These chemicals and all other reagents used were of
high purity (>97%) and were used as purchased. Millipore filter-
ing machine-processed deionized water of high quality was used
throughout the study.
2. Methyl Orange Absorbate

MO dye was used to test the adsorptive performance of the new
UMLDH and CMLDH adsorbents. MO known as Sodium 4-[(4-
dimethylamino)phenylazo]benzenesulfonate (C,,H,,N;NaO;S; den-
sity 1.28 g/em’ and molecular weight 327.33 g/mol) was purchased
from Sigma Aldric, France. MO, an anionic dye has 13025 color
index and 0.5 g/100 mL solubility in water at 20 °C with the struc-
tural forms under different pH conditions depicted in Fig. 1 [32].
While it is red at pH<3.2 (acid-stable form), it turns yellow at
pH>4.4 (alkali stable form), a color change attributed to transition
from azo structure (chromophore) to quinoid structure [32].
3. Synthesis and Characterization of UMLDH and CMLDH

Co-precipitation technique was employed for the synthesis of
the UMLDH nanocomposites as follows. First, about 500 mg of
BaFe was ultrasonicated for 30 minutes in 0.2 M NaOH solution
at 100 amplitude. The solution was then mixed with salt (precur-
sor) solution at a target mass of Mg, Ni and Al of 5.12¢g, 291 g,
3.75g, ie, ratio of 2:1: 1. Afterwards, the precursor salt was pre-
pared using 50 ml deionized water controlling at pH 10 while under
vigorous stirring with 2-3 drops of hydrazine used as reducing agent.

CHy
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Then, the pH was further maintained using 1.0 M NaOH solution.
The obtained suspension was then refluxed for 24 h at 90 °C while
continuously maintaining stirring using magnetic set-up prior to
undergoing centrifuging. Any impurity on the obtained UMLDH
was removed by washing with using pure ethanol and deionized
and then dried under 90 °C for 24 hours. The UMLDH was used
as the precursor for the CMLDH synthesis under N, environment
supplied at 130 mL min ™' and temperature of 400 °C for 4 h. More
details on this procedure are described elsewhere [33,34]. The syn-
thesized UMLDH and CMLDH were then characterized for their
X-Ray diffraction (XRD) patterns and crystallography using Rigaku
MinifeFlex II diffractometer with parameters step-size, scan rate
and 26 range set at 0.03°, 3°/min and 5-70° respectively. Mean-
while, the Fourier transform-infrared (FTIR) spectra) were obtained
using Nicolet 6700 spectrometer (operated at room temperature),
while thermal decomposition patterns of the synthesized nano-
composites were undertaken by heating at 10 °C /min using ther-
mogravimetry analyzer (TGA) using SDT-600 TGA/DSC. Scanning
electron microscopy (SEM) and EDS data were obtained using
TIMA TESCAN SEM Integrated system to obtain the microstruc-
ture and elemental composition of the samples. The zeta poten-
tials of the UMLDH and CMLDH nanocomposites dispersed in
10 mM NaCl solution were determined from their electrophoretic
mobility based on Smoluchowski model using a Malvern Zeta-
sizer Nano-ZS (Malvern, USA).
4. RSM Modeling Experimental Design

Due to its many merits and effectiveness as a technique for evalua-
tion and assessment of adsorption and other environmental pro-
cesses using fewer number of experimental trials, RSM was adopted
in this study. This was to enable development of response models
while incorporating curvature, correlating operational parameters
and their interactive effects on the investigated responses using anal-
ysis of variance (ANOVA) as well as optimizing the MO adsorp-
tion on the new adsorbents [35,36]. As such, 3° faced centered central
composite design (FC-CCD) was used under the RSM technique
to investigate temperature (25-45 °C), initial MO concentration (20-
100 mg/L), and initial pH (2-6) (designated as A, B and C, respec-
tively) on removal efficiency (R) and adsorption capacity (q,) for
the UMLDH and CMLDH MO uptake. The levels and ranges of
these operational conditions were selected as per our earlier works
[5,34]. For a number of independent variables of k, FC-CCD con-
sisted of 3%, 2k, and k designated for factorial, axial and replicated
central experimental runs, thereby giving a total of nineteen (19)
required adsorption tests as given in Table 1. The central runs were
duplicated to investigate the experiment replicability and to assess
level of experimental error while the tests were carried out in ran-
domized order to avoid influences of unforeseen factors for ensur-
ing data credibility and quality [36,37]. Design Expert version 9 [38]
was employed for fitting the data obtained from the experimental
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Fig. 1. Different structural forms of methyl orange under acidic and basic stable conditions in aqueous phase [1].
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Table 1. RSM Experimental design and results for sorption of MO onto UM-LDH and CM-LDH

Operating conditions Removal efficiency (%) Adsorption capacity (mg/g)
Test# Temp (°C) Initial MO conc (mg/L) Initial pH UMLDH CMLDH UMLDH CMLDH
A B C Y1 Y2 Y3 Y4
R1 25 20 2 54.3 529 65.2 63.4
R2 45 20 2 58.2 54.3 69.8 65.2
R3 25 100 2 40.0 38.1 240.2 2285
R4 45 100 2 42.0 40.8 251.8 244.9
R5 25 20 6 39.9 355 47.8 42.6
R6 45 20 6 44.2 395 53.0 474
R7 25 100 6 29.2 28.0 175.3 167.8
R8 45 100 6 27.6 26.1 165.5 156.8
R9 25 60 4 49.9 479 179.6 172.4
R10 45 60 4 519 50.6 187.0 182.0
R11 35 20 4 63.3 60.0 76.0 719
R12 35 100 4 49.2 48.2 2953 289.1
R13 35 60 2 355 33.7 127.6 121.1
R14 35 60 6 31.8 30.0 1143 107.8
R15 35 60 4 51.1 48.9 183.8 176.0
R16 35 60 4 52.8 51.6 190.0 185.8
R17 35 60 4 49.3 47.8 177.3 172.0
R18 35 60 4 543 529 65.2 63.4
R19 35 60 4 582 54.3 69.8 65.2

program into the generalized RSM model in Eq. (1) for develop-
ing the response models:

k k k-1 k
Y:ﬂ0+_zlﬂixi+_z;ﬂixf+_lezﬂijxixj+8 ¢))
i= i= i=1j=

where y=RSM models dependent variable, i.e., predicted response;
By B By f=RSM models coefficients; x, x;=experimental inde-
pendent variables.
5. MO Batch Adsorption Tests

Based on serial dilution, MO concentrations ranging 20-100 mg/
L were made from 1,000 mg/L MO stock solution, all prepared
using deionized water. Using a Lab Companion SK-600 Benchtop
shaker run at 120 rpm, MO uptake experiments were conducted
in a 50 ml glass-flask containing 30 ml of MO solution at required
concentration, initial pH and temperature (as per experimental
design in Table 1) and agitation time of 180 minutes. pH alteration
was achieved using 0.1 M NaOH or 0.1 M HNO; solution and a
pH meter (HANA pH meter). After each test, sample was imme-
diately filtered through 0.45 micron filter and then centrifuged at
3,500 rpm for 5 minutes for total separation of the spent UMLDH
and CMLDH from the resulting effluent. The supernatant MO resid-
ual concentration was then measured immediately, using a Jasco
V-670 UV-Visible spectrometer set at absorbance wavelength 340-
580 nm. The q, and R were obtained from Egs. (2) and (3) as follows:

C,-C,

=W *V )
C,-C

R:”C—E*IOO (3

o
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W=Mass of the adsorbent, g q.=adsorption capacity, mg/g; R=MO
Removal efficiency; V;=Solution volume, liters; C,=MO concen-
tration before adsorption, mg/L and C;=MO concentration after
adsorption, mg/L.

RESULTS AND DISCUSSION

1. Adsorbents Characterization Analysis

The UMLDH and CMLDH SEM images are presented in Fig.
2. Both adsorbents images show rough and homogeneously com-
pacted surfaces of nanoparticles [39]. For the composite CMLDH
(Fig. 2(b)), the structure and morphology differs slightly from that
of the UMLDH (Fig. 2(a)), indicating a softer nanostructure with
likely more uniform pores. Table S1 provides the BET surface area
and pore size distributions data, which shows that additional calci-
nation induced on the precursor adsorbent (UMLDH) led to signifi-
cant reduction in the BET surface area from 132.378 m*/g to 81.919
m’/g (for the CMLDH). Also, the corresponding average pore vol-
ume and radius changed from 0.32 cm’/g, 54.77 Angstrom (5.477
nm) and 0.226 cm’/g, 81.92 Angstrom (8.192 nm), respectively.
Thus, the pore distribution data of UMLDH and CMLDH (sup-
plementary data Fig. S1 and Table S1) implies that both UMLDH
and CMLDH are characterized with surfaces that are mesoporous
[40].

These characteristics of the two nanocomposites indicate that
they can serve as good adsorbents [40]. The available functional
groups on the UMLDH and CMLDH that greatly influence MO
uptake revealed by the FTIR analyses are given in Fig. 3. While, the
bands of the (C-O and Al-O) and O-H groups are typically associ-



Evaluation of novel Mg/Al/Ni-BaFe ternary layered hydroxides uptake of methyl orange dye from water

- /“ .
SEM HV: 15.0 kV
View field: 10.0 pm

« ¥
MIRA3 TESCAN

WD: 6.97 mm |

Det: SE + BSE 2um
SEM MAG: 19.1 kx Date(m/dly): 03/22/18

Fig. 2. SEM images of (a) UMLDH and (b) CMLDH nanocomposites.
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Fig. 3. FTIR patterns for UMLDH (below) and CMLDH (above) nanocomposites.

ated with 1,000 cm™ and 3,000-3,600 cm ™" peaks, respectively. The
peaks shown at 1,040cm™ and 1,350 cm™ and stretching vibra-
tion are identified for C-O-C bond and NOj ion, respectively
[41,42]. Calcination was expected to help in production of oxygen
containing functional groups, which could profoundly increase
adsorptive performance [43]. Considering that the UMLDH peaks
observed at 1,335cm ™ and 3,463 cm™ underwent slight shift and
significant reduction in the FTIR of the CMLDH (Fig. 3), suggest-
ing that the expected improvement on the important functional
groups did not occur. This is corroborated by the EDS analysis
results in Fig. S2 which show a weight percent decrease in the
amount of elemental oxygen from 41.58 to 38.15 after calcination.
This reduction might have resulted in the loss of some oxygen-car-
rying functional groups as well as changes in the pore characteris-

tics (Table S1) that invariably affected the adsorptive performance
of the CMLDH. The EDS Fig. S2 also confirms the presence of
Mg, Al, Nj, Fe and Ba along with carbon and oxygen in the two
nanocomposites.

Fig. 4 presents the XRD of BaFe and the MgAINi-LDHs (e,
UMLDH and CMLDH). The well-defined crystalline MgAINi-
LDHs possesses the characteristic peaks of LDH with a basal spac-
ing of 0.775 nm. The peaks at 26=11.4" and 22.4° are assigned to
the (003) and (006) planes, respectively. There also exist other peaks
at 20=34.5°, 38.9°, 45.9° and 61.1° indexed to the (009), (015), (018)
and (113) planes, respectively [44]. It could be observed that the
introduction of the BaFe nanoparticles into the MgAINi-LDH
slightly led to reduction in crystallinity of UMLDH, which is evi-
dent in the reduction of peak intensity of the (003) diffractogram.

Korean J. Chem. Eng.(Vol. 36, No. 12)
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Fig. 5. TGA analysis for UMLDH (above) and CMLDH (below) nanocomposites.

It is also observed that some original peaks of BaFe become con-
spicuous in UMLDH, indicating successful synthesis of magne-
tized MgAINi-BaFe-LDH [45-47]. Upon calcination of the UMLDH,
the peaks initially present vanished while new peaks correspond-
ing to (200) and (220) planes associated with mixed metal oxide
formation become apparent. This development indicates the destruc-
tion of pristine lamellar structure of the UMLDH and the production
of CMLDH. The mean crystallite sizes of UMLDH and CMLDH
computed based on the XRD analysis according to Scherrer equa-
tion [48,49] are 7.96 and 12.06 nm, respectively.

Under nitrogen environment ramped at up to 800 °C (at 10 °C/
min), Fig. 5 presents the TGA analysis illustrating UMLDH and

December, 2019

CMLDH weight loss, which suggests different response of the two
adsorbents under thermal changes. While the UMLDH exhibited
about 40% loss in weight, the CMLDH underwent about half of
such a value in weight loss. This was attributed to the removal of
water when UMLDH was transformed into CMLDH, which ren-
dered the CMLDH having higher stability when subjected to ther-
mal variations. Accordingly, the CMLDH was susceptible to under-
going two modes of mass reduction related decarbonation (DC)
and the removal anions within the interlayer, which was expected
to have resulted in mixed metal oxides (MMO) production [50].
On the other hand, raising the temperature could have resulted in
up to three separate modes weight losses which include (i) for tem-
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Table 2. ANOVA of UMLDH and CMLDH for MO sorption models

Y, Y, Y; Y,
F-value p-Value F-value p-Value F-value p-Value F-value p-Value
Model 99.01 <0.0001 58.20 <0.0001 206.63 <0.0001 90.23 <0.0001
A 5.94 0.0449 2.38 0.1613 0.94 0.3760 0.40 0.5435
B 275.58 <0.0001 108.69 <0.0001 631.36 <0.0001 204.60 <0.0001
C 3.66 0.0973 2.01 0.1945 2.33 0.1876 34.98 0.0004
AB 4.18 0.0801 0.22 0.6622 0.00 0.9710
AC 0.67 0.4395 0.15 0.7105 1.44 0.2841
BC 0.85 0.3845 44.86 0.0011 13.20 0.0067
A2 1.87 0.2140 27.25 0.0008 1.10 0.3433 0.89 0.3735
B2 60.41 0.0001 210.55 <0.0001 2.81 0.1548
C2 37442 <0.0001 239.49 <0.0001 85.01 <0.0001
A’B 51.62 0.0008 18.16 0.0028
A’C 20.22 0.0028 13.02 0.0069 11.44 0.0196
AB’
BC
LOF 0.438775 0.8021 0.84 0.6340 0.903297 0.5636 2.72 0.2932

“Significance established at 5% (p-value<0.05)
bSigniﬁcance established at 10% (p-value<0.1); LOF=Lack of fit

peratures <220 °C which led to up to 15% weight reduction due to
physisorbed as well as intercalated and H,O got eliminated [51],
(ii) for 220-410 °C temperature range, which resulted in 20% loss
due to removal of nitrates via dihydroxylation (DH), other interlayer
anions and DC [52], (iii) >410°C temperature for the last stage loss,
which is comparatively smaller, though it was expected to have led
to generation of MMO due to more dehydroxylation and decar-
bonation [50].

The zeta potentials of UMLDH and CMLDH as a function of
pH are shown in Fig, S3. It is observed that the surfaces of the adsor-
bents are positively charged for the whole pH range of 2 to 12. The
nanocomposites surfaces obtained their highest positivity at pH 2
(>+37 mV), which significantly dropped at pH 12 (<+4 mV) and
this will significantly affect the adsorption capacity. Reported pK,
of MO at 3.76 [53] indicated that at pH<3.76, the MO molecules
exist as cations, while for pH>pK,, the MO molecules exist as
anions. This indicates that the highest adsorption for MO on a
positively charged surface should occur at pH>3.76. Due to elec-
trostatic attraction, the highest removal of MO is expected to occur
at pH 4 between the negatively charged MO molecules and highly
positive UMLDH and CMLDH.

2. Development of RSM Models for UMLDH and CMLDH
MO Adsorption

The experimental data (R and q,) obtained for the batch adsorp-
tion tests are provided in Table 1. For the UMLDH and CMLDH ,
the maximum R ranged between 27.6-63.3% and 26.1-60.0%, while
the maximum q, ranged between 47.8 to 295.3 mg/g and 42.6 to
289.1 mg/g, respectively. This clearly suggests that changes in the
operating conditions significantly influence the performance of the
tested adsorbents. Moreover, the high q, values obtained indicate
good performance of the two magnetized composite adsorbents
tested despite the moderate removal efficiency obtained. Thus, using
multiple nonlinear regressions, the different data sets in Table 1

were fitted into Eq. (1) to obtain the best fitted RSM models given
in Egs. (4) to (7), where Y, and Y, represent UMLDH and CMLDH
MO removal efficiency models and Y; and Y,, UMLDH and
CMLDH MO adsorption capacity models, respectively. These mod-
els best describe the experimental data according to high signifi-
cant models terms with no aliaseness and p-value<0.0001 (Table
2), respectively [54]. Using ANOVA, only terms (single effect, qua-
dratic and/or cubic terms) that significantly impacted on the respec-
tive models (response) performance are used (Table 2) [36]. For
instance, Y, ANOVA indicated that significant terms for UMLDH
MO removal efficiency include all factors A, B (at p-values<0.05)
and C (at p-values<0.1) that possessed direct influence (ie., main
effects), only 2-way interaction AB (at p-values<0.1), C* and B’
squared effects and the cubic effect A’C (all p-values<0.05) are
higher significant model terms. However, the A’ terms though
independently; insignificant (p-value>0.1 and 0.05), but exerted sig-
nificant influence under interaction with another factor in the A’B
(p-value<0.05), thereby significantly contributing towards the mod-
els prediction’s accuracy. Similar interpretation can be deduced for
the other remaining three developed models in Eqs. (4)-(6) and
ANOVA in Table 2, respectively.

Y, (%)=50.31+1.054 A—7.179B—1.85C—0.9887AB—0.396AC “)
+1.142A°+6.494B*— 16.166C*—4.861A’C

Y, (%)=48.71+0.902A—6.091B— 1.85C—0.251AC (5)
+1.0385A+5.892B°— 16.3782C*—5.271A’C

Y; (mg/g)=181.199+1.896A+109.68B—6.66C—1.0125AB
—2.618AC—14.618BC+3.9465A°+6.3165B ©6)
—58.36352C*—35.0625A’B— 16.508A’C

Y, (mg/g)=176.787+2.154A+108.6B—20.082C—0.1425AB )
—13.7925BC+5.8149A%—56.885C*— 36.173A’B
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Fig. 6. Experimental versus predicted values for UMLDH and CMLDH MO (a) removal efficiency and (b) adsorption capacity models.

3. Pareto Charts Assessments of RSM Models Terms

Pareto charts presented in Fig. S4 visually depict the compara-
tive evaluation of level of contributions of individual operating condi-
tions and their 2-way interaction. The Pareto bars™ height propor-
tionally reveals the relative contributions of the terms in the devel-
oped models on the responses investigated (Y, to Y, in Fig. S4);
the higher the bar, the more the contribution. On the other hand,
the blue and orange charts indicate synergistic and antagonistic
effects respectively [37]. Accordingly, for R models (ie, Y, and Y,
in Fig. $4) factors C and B were the major parameters whose
influence outweighed that of factor A and the interacting terms.
Similarly, for the q, response models Y; and Y,, factors C and B
were also the most significant factors, though their interacting effects
BC play also a major role towards controlling MO uptake by both
UMLDH and CMLDH For both the adsorbents, the Pareto analy-
sis indicates that factor A (ie., temperature effect) is more mani-
fested in the removal efficiency models (A, AB and AC), while
exerting lesser influence on the adsorption capacity for MO uptake.
Generally; the Pareto charts analysis, dependently shows the least
significant influence of factor A compared to factor B on efficacy
of MO removal for the magnetized adsorbents, which is in con-
formity with the ANOVA.
4. RSM Models Validation

The quality of the RSM models describing MO adsorption onto
the UMLDH and CMLDH developed was evaluated based on co-
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efficients of determination (R?) of 0.992, 0.983, 0.999 and 0.989 for
Y, Y,, Y; and Y, respectively. These values are, respectively; in con-
formity with the high values of the non-R’ (predicted and adjusted)
obtained as given in Fig. 6, satisfying the requirements for RSM
models [36]. This is further demonstrating the high prediction
abilities of the models to predict the obtained MO adsorption test
data as also presented in Fig. 6 [55-57]. Meanwhile, the linear nor-
mal probability plots for the models given in Fig. S5 indicate satis-
fying normality assumption of the RSM models with all the p-
values being statistically significant (ie., p<0.05 or p<0.1) as given
in Table 2). These models’ diagnostics suggest the suitability of em-
ploying the developed UMLDH and CMLDH MO sorption models
for assessing and evaluating the influence of independent vari-
ables on the investigated responses [35,36].

5. Effect of Parameters on R and q,

The dependencies of the investigated responses on experimen-
tal operating conditions are illustrated in 3D plots obtained based
on the developed RSM models (Figs. 7 and 8) which are discussed
below.

5-1. Eftect of Operating Conditions on R for UMLDH and CMLDH

For both the UMLDH and CMLDH adsorbents, Fig. 7 shows
the influence of the operating conditions on efficacy of MO removal.
The MO removal was significantly affected when the initial pH
was increased from 2 to 6, which was initially decreased reaching
the peak value at around pH 3-4 for both UMLDH and CMLDH
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Fig. 7. Effect of operational conditions on MO removal efficiency for UMLDH and CMLDH.

(Fig. 6(a) and 6(c)). The maximum R of 63.3 and 60% obtained
occurred when operations were at A=25 °C, B=20 mg/L and C=4.
However, the R values continued to decrease as C was increased
from 2-6 reaching lowest values of 39.9% and 35.5% at C=6, respec-
tively. However, factor A had the less significant interactive effects
on C (p-values of AC all >0.1 as observed earlier), though it had
significantly contributed to R at higher level interaction which led
to the observed visually displayed curvature effect in Fig. 7(a) and
C (p-values of A’ and A’C all <0.1 as observed earlier). The effect

of C on the tested magnetized LDHs obtained is in line with other
studies, which revealed that even within the acidic range, higher
pH values are susceptible to dwindle dyes aqueous uptake [41,42,
58]. Though, there is the issue of instability and possible solubiliza-
tion known with LDH, yet the majority of the reported works on
LDH established that maximum adsorptive capacities for LDHs
are obtained within pH range of 2 to 4. The decline of adsorptive
performance of most LDH at higher pH (even within acid range)
was mainly attributed to introduction of more OH™ ions when pH
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was increased which reduced the possibility of accommodating
more of the anionic dyes within the active site of surface func-
tional groups [59]. Thus, at solution pH 2-4, the existence of abun-
dant H' jons in solution facilitates higher tendencies towards
promoting protonation of the UMLDH and CMLDH surface func-
tional groups. As such, stronger electrostatic attractive forces are
enhanced between the MO anion molecules and the positively
charged oxygen functionalities of UMLDH and CMLDH, which
eventually improved the R [51,60]. However, for both UMLDH
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and CMLDH point of zero charge (PZC) of 8.32 and 9.46, respec-
tively, were far above the range investigated (PZC>6). This suggests
that both adsorbents’ surfaces were mostly protonated during all
the tests [60], indicating lesser influence of PZC within the investi-
gated pH range. The dependencies of adsorptive performances of
UMLDH and CMLDH on factor B in relation to other variables
are presented in Fig. 6(b) and 6(c). Regardless of the A and C val-
ues, the R significantly increased when the factor B was decreased.
The greater effect of C and B was further demonstrated by the

MgALNI-C MO Adsorption Capacity, (mg/g)

A Temperature (0C) > |

400

C: Initial pH

MgALNI-C MO Adsorption Capacity, (mg/g)

B: Inital concentration (rr1915

C: Initial pH

Fig. 8. Effect of operational conditions on MO adsorption capacity for UMLDH and CMLDH.
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greater interactive influence they exerted on the R as observed ear-
lier. For both UMLDH and CMLDH, with increase in factor A,
there was a tendency toward improving the MO removal (Fig.
7(a) and 7(b)) despite the lowest influence impacted by the tem-
perature. This was attributed to the greater influences of the other
factors which dwarfed the temperature effects (Pareto charts in
Fig. $4 and least p-values in Table 2). Nevertheless, this results imply
that much higher temperature was likely to have positively im-
pacted on the adsorptive performances of the tested adsorbents.
5-2. Effect of Operating Conditions on q, for UMLDH and CMLDH

The 3D and their corresponding contour plots presented in Fig.
8 visually illustrate the influence of the investigated experimental
parameters on UMLDH and CMLDH adsorption capacities for
removal of MO from aqueous phase. As in the case of R, the ad-
sorption capacity for both adsorbents initially increased as the pH
increased from 2 reaching a maximum value at around pH 4.
Afterwards, increasing the pH value led to a decline in the q, (Fig.
8(a) and 8(c)). In contrast to the observed trend of R, increasing
MO initial concentration significantly improved the q, for both
adsorbents, impacting higher influence than the pH (Fig. 8(b) and
8(c)), which is dlearly manifested in the Pareto chart (Fig. S4).
Consequently, the maximum g, of 295.3 and 289.1 mg/g was attained
when the C and B were at 4 and 100 mg/L, which drastically reduced
to 47.8 and 42.6 mg/g when they were changed to 6 and 20 mg/L,
respectively. Collectively; Fig. 8(a) and 8(b), ANOVA as well as Pareto
charts in Fig. $4 suggest that changing the temperature conspicu-
ously impacted on the adsorptive performances of UMLDH and
CMLDH, though at much lower degree of influence compared with
the other two factors. Based on the models and statistical evalua-
tions, the temperature effect is more manifested on R than on q,.
The improvement in q, with increase in MO initial concentration
was attributed to induced increase in higher interactions between
the available adsorbents’ active sites as more of the MO molecules
were added to the solution [61]. Similar to the removal efficiency,
calcination of the parent UMLDH did not improve the MO sorp-
tion capacity; instead it reduced it slightly. This small reduction in
the performance of the UMLDH compared to that of the CMLDH
was speculated to be due to the physico-chemical changes (struc-
ture, pore size distribution and reduction in some active sites after
the calcination [62] as suggested by the oxygen carrying functional
groups reduction at 3,457 and 1,355 cm™" of the FTIR despite the
improved BET surface area (ie., from 109.6 to 154.1 m’/g) after
the calcination (Fig. 3). This corroborates earlier findings by other
authors who reported better sorption of MO dye on precursor
LDH over a ternary LDH of larger BET surface area [63]. The pres-
ence of higher Cu”" was responsible for the higher sorption capac-
ity of the precursor due to induction of low basicity and higher
electrostatic affinity of the MO onto the cationic LDH [63].
5-3. Analysis of FTIR and XRD before and after Adsorption

After the MO adsorption tests, the spent UMLDH and CMLDH
FTIR analyses in Fig. S6 were generated in order to compare them
with the fresh ones, which indicated that the peaks at the inter-
layer of C=0O and NOj at 1,750-1,642 cm™' and 1,292 and 1,358
cm™' symmetric stretching had shifted. Moreover, the intensity for
Si-O-Si and Si-O stretching vibrations at 1,001 and 1,217 cm™
peaks, respectively, underwent reduction and disappearance. Simi-

larly, the XRD pattern of CMLDH analyzed after MO adsorption
(Fig. S7) indicates the existence of MO molecules following its
uptake, considering that there was somewhat increase in shift of
003 basal spacing to 0.728 nm (26=12.140) from 0.778 nm (26=
11.360) in the interlamellar space of the CMLDH. This shift has
been associated with MO-LDH anions exchange occurring during
the MO adsorption process [64].

6. RSM Optimization

As a result of variability in performance of an adsorbents due to
changes in several experimental parameters, numerical optimiza-
tion has been identified as a tool employable to help in identifying
the optimal operation conditions. This is because of the difficul-
ties involved in getting optimality by mere inspection of data when
all variables (dependent and independent) are taken into consider-
ation. Thus, the unique desirability function capability of Design-
Expert® software was employed for optimizing MO adsorption
onto UMLDH and CMLDH under four (4) scenarios target goals
provided in Table S2 and S3. The desirability value which ranged
between 0 to 1, designated as worst to best scenario, was obtained
using numerical algorithms that identify best operational condi-
tions as per the targeted set goals (for all variables). In this study,
the main target objectives were to maximize R and q, based on
the RSM response models Y, and Y,; Y; and Y,, respectively, while
minimizing operating temperature for the different initial concen-
trations. All the UMLDH and CMLDH results obtained from the
optimization scenarios 1-4, as provided in Table S2 and S3 con-
stantly indicated that the best solutions with high desirability were
obtained at when the C=4 and both A and B values are kept at
highest levels. Also, reducing A to its lowest (25 °C) did not signifi-
cantly aftect the dye adsorption when factor A was 260 mg/L. Thus,
at higher initial concentration, temperature has less impact on the
target responses. However, at lower initial concentration, higher
temperature is expected to yield better adsorption performance.
Consequently, additional experiments on the effect of dosage as
well as equilibrium and kinetics studies were conducted for MO
adsorption onto the UMLDH and CMLDH at the optimal condi-
tions of, A= 25°C, B=100 mg/L and C=4.

7. Effect of Dosage on q,

To experimentally explore the achievable q,, the effect of adsor-
bent dosage was investigated within the range of 2-20 mg at the
obtained optimal RSM conditions. The results plotted in Fig. 9 show
that at 2 mg dosage, the maximum obtained q, of 709.4 and 693.4
mg/g gradually decreased reaching the minimum values of as low
as 144.8 and 137.28 mg/g for the highest investigated dosage of
20mg. Conversely, the corresponding achievable R for MO was
significantly increased from about 10% to 70% for both the two
adsorbents. When initial concentration was fixed and the adsor-
bents dosage increased, better R for MO was expected due to the
increase in the abundant sites (more UMLDH and CMLDH ad-
sorptive functional groups) that are actively partaking in the MO
adsorption. However, depending on the initial concentration, in-
creasing the amount of the UMLDH and CMLDH may result in
increase in redundant active sites on the adsorbents that cannot be
utilized in accommodating the MO molecules. Corroborating the
earlier observations, UMLDH consistently demonstrated a slightly
improved performance over the CMLDH for all the different dosages.
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Fig. 9. Effect of dosage on adsorption capacity and removal efficiency for UMLDH and CMLDH.

8. Equilibrium and Kinetic Studies
8-1. Adsorption Isotherm Study

To elaborate the interaction of MO molecules on the surfaces of
UMLDH and CMLDH composites, Dubinin-Radushkevich (DR),
[65] Freundlich [66], Langmuir [67] and Temkin [68] models were
employed on equilibrium data obtained under the optimal condi-
tions (pH 4, dosage 5mg, temperature 298 K, contact time 180
minutes) obtained from RSM. The non-linear form of the four
models and their respective estimated parameters yields are given
in Table 4, while Fig. 9 demonstrates the plots of the experimental
equilibrium data against the models predictions 298 K. For both
composites, the Freundlich isotherm gave the best fits (R* of 0.895
and 0.876 for UMLDH and CMLDH, respectively) with sequence
of fit in the order: Freundlich>Langmuir>Tempkin>DR adsorp-
tion isotherm model. Thus, for UMLDH and CMLDH, the adsorp-

tion of MO has satisfactorily fitted well with Freundlich isotherm,
though the Langmuir comparatively performed to a lesser extent.
This indicates that the surface of composites exhibited homoge-
neous and heterogeneous morphology. The maximum adsorp-
tion capacity calculated using the Langmuir isotherm was found
to be 71544 and 708 mg/g for UMLDH and CMLDH, respec-
tively. Collectively, the kinetics and isotherm results showed that
the MO uptake could be recognized as simultaneously incorporat-
ing both mono and multi-layer surface adsorption involving strong
electrostatic attraction and chemical interactions among MO mol-
ecules and surface functional groups of the new tested magnetized
nanocomposites. The Freundlich isotherm constant (1/n) indicates
the fraction of heterogeneity and intensity of adsorption are 0.80 and
0.89 for UMLDH and CMLDH, respectively. The values below
unity further direct higher heterogeneity and favorably the sorp-

Table 3. Parameters of nonlinear pseudo first, pseudo second order kinetic models under the optimal conditions (pH 4, dosage 5 mg, tem-

perature 298 K, contact time 180 minutes)

Pseudo first order

Pseudo second order

—kyt t t t
q=q(1+e ™) . .
' % kq 9
Qe (exp) qe k R? qe k,x107° R’
UMLDH 4344 1378.8 0.11 0.865 769.23 0.9 0.979
CMLDH 436.24 1469.38 0.10 0.806 714.28 1.5 0.981
. Elovich | Intra particle diffusion
q,= E,ln(a[)') + Bln(t) q=kt"*+C
a Yij R? C K, R?
UMLDH 4344 18.33 0.008 0.947 —46.36 34.01 0.973
CMLDH 436.24 17.89 0.008 0.945 —48.96 33.87 0.980

Table 4. Parameters of non-linear Langmuir, Freundlich, Tempkin and DR isotherm models under the optimal conditions (pH 4, dosage

5 mg, temperature 298 K, contact time 180 minutes)

Langm;(ﬁrc Freundlif/h Tempkin DR )
Q.= #LLC: q.=K:C,” q.=BIn(AC,) qezqs(exp(— K(RTln(H— E)TD
D, (mg) K, R? Ky 1/n R? B A R? q Kx107° R?
UMLDH 715.44 0.016  0.844 1532 080  0.895 10859 027  0.756 236.82 1.15 0.55
CMLDH 708.15 0.014 0.810 1039  0.89 0.876 111.82 023 0.714 229.29 1.48 0.51

December, 2019



Evaluation of novel Mg/Al/Ni-BaFe ternary layered hydroxides uptake of methyl orange dye from water 2019

Isotherm models

4009 yncalcined -
350
300 -
2 250
o
E 4
o 200
G -
W ge-exp
150 4 —e— Langmuir
A —a— Freundlich
100 ~ —v— Tempkin
—«—DR
50
1 v ] v 1 v 1 M 1
10 20 30 40 50
Ce(mg/L)
450
1 calcined
400 -
350
300
§ J
D 250
E ]
& 200
: W ge-exp
150 —e— Langmuir
. —a— Freundlich
100 | —v— Tempkin
—+—DR
50 -
1 ' 1 v 1 v ] v ]
10 20 30 40 50

Ce(mg/L)

Kinetic models

500

uncalcined
400 -
300
2
g
T 200 -
o
ge-exp
100 —a— 2nd order
—v— Elovich
—<4—IDP
04
T ' 1 v L] M 1 v ] v 1
0 50 100 150 200 250
t (min)
500
calcined
400
300 -
)
E
= 200
o
qe-exp
100 / —&— 2nd order
/ —v— Elovich
—<+—IDP
0
) M 1 M 1 M 1 v L) v 1
0 50 100 150 200 250

t (min)

Fig. 10. Plots for experimental data vs non-linear isotherm and kinetic models’ predictions for (a) UMLDH and (b) CMLDH.

tion system of both magnetic LDHs and MO molecules. The high
uptake of MO molecules is attributed to the combined effect of
NiMgAl and barium ferrite resulting in excellent surface character-
istics exhibiting high surface area and abundant surface function-
alities (C-O, Si-O, Si-O-Si, NO;, Al-O, C-O-C).
8-2. Kinetic Study

The kinetics of MO dye adsorption onto UMLDH and CMLDH
was evaluated by employing non-linear forms of four kinetic models
(pseudo-first order, pseudo-2nd order, Elovich and intraparticle
diffusion models [69]) under the RSM optimal conditions (pH 4,
MO concentration 100 mg/L, temperature 298 K, dosage 5mg).
The adsorption kinetic experimental data versus the fitted models
are displayed in Fig. 10. The models’ estimated parameters given
in Table 3 show that the correlation coefficient R* of pseudo-sec-
ond-order model for the two adsorbents (0.979 and 0.981, respec-
tively) is significantly higher than that of other kinetic models.
This is further manifested in the close agreement of the predicted
q, for the pseudo-second-order model (769.28 and 714.28 mg/g,
respectively) with the values obtained for experimental as well as

equilibrium studies. This implies that pseudo-second-order model
fitted well with experimental data for the MO-UMLDH and MO-
CMLDH sorption process. Therefore, based on the assumption
upon which the pseudo-second order kinetic model was devel-
oped, it is suggested that the mechanism was mainly dominated via
chemical interaction between MO molecules and adsorbent sur-
face functional groups [42]. Additionally, the actual rate determin-
ing phases were explored using intraparticle diffusion model, which
indicated a very good fitting (0.973 and 0.98, respectively). Accord-
ingly, this suggests that MO adsorption followed three major steps:
(i) Fast adsorption rate within 30-50 minutes associated with sur-
face adsorption on exterior active sites of adsorbents; this includes
electrostatic attraction, chemical and ion-exchange interactions with
surface functionalities (C=0 and NOj, Si-O and Si-O-Si) as con-
firmed by FTIR and XRD analysis after MO adsorption; (ii) Inter-
nal pore diffusion of MO molecules into the layers magnetic LDHs
at slow rate, and (iii) Equilibrium step, which relates to saturation
of binding sites [39]. Similar behavior was also reported in previ-
ous related studies [51,72].
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Table 5. Reported magnetized LDH MO capacity compared with UMLDH and CMLDH

# LDH name Uptake capacity (mg/g) Optimal pH Time (hr) Reference
1 UMLDH 763.35 4 3 This study
2 CMLDH 756.42 4 3 This study
3 Zr-MFCs 219 3 1 [15]

4 MZIF-67 composites 738 8.0 7 [14]
5 Ferrite magnetic nanoparticles - 7 6 [29]
6 MIL-101(Cr)/RGO/ZnFe,0, - 7. 00.833 [70]
7 Fe;O,/activated carbon nanocomposites 324.00 - 06.67 [20]
8 Fe,0,/MIL-101(Al,sFe,,)/NH, 355.80 06.0 02. [71]
9 Fe;0,@GO hybrid composite 039.95 2. 06 [22]

10 Magnetic maghemite (y-Fe,O;)/ 029.4 291 9 [24]

11 Magnetized Graphene oxide/LDH 210.80 - - [25]

12 Chitosan/Al,O,/magnetic iron oxide 417 4 24 [17]

9. Comparison of UMLDH and CMLDH Performace with
other Magnetic LDH

A summary of the comparison of the maximum obtained ad-
sorption capacities of the UMLDH and CMLDH for MO, and
other similar magnetic LDH nanocomposites that were reported
recently in literature, is presented in Table 5 [14-17,20-22,24,25,72].
As can be seen from the table, the two LDH adsorbents reported
in this present study performed excellently due to their higher and
improved uptake capacity for MO (715.44 and 708 mg/g respec-
tively) over most of the other hybrid magnetic LDH. Some of the
listed LDH in Table 5 that exhibited comparative performance,
though, needed longer equilibrium time compared to that of the
new UMLDH and CMLDH. Hussaina et al. [46] reported 375 mg/
g maximum adsorption capacity of calcined MgAINi-LDH for MO
uptake. Thus, the obtained capacities for UMLDH and CMLDH
in this study indicate the great potential for improving the adsorp-
tive capacity of the MgAINi via incorporating the BaFe. This im-
plies that the tested magnetic LDH presented here has great poten-
tial for deployment as adsorbents for remediation of wastewater
contaminated with MO and other similar dyes.

CONCLUSION

MgAINi-BaFe layered hydroxide hybrid nanocomposite was syn-
thesized using co-precipitation technique and tested as an adsor-
bent for removal of methyl orange dye (MO) from water. The ad-
sorptive performance of both the precursor uncalcined (UMLDH)
and the calcined (CMLDH) composites was modeled, evaluated
and optimized using response surface methodology (RSM) based
on FC-CCD experimental design. The effects of initial MO con-
centration, initial pH and temperature on maximum removal effi-
ciency and adsorption capacities were fitted into RSM models
with insignificant lack of fit and high R*=0.991-0.997, which is in
conformity with the non-biased regression coefficients R*-adjusted
and R’-predicted obtained. The adsorption capacity increased with
decrease in pH and increase in initial MO concentration and tended
to decrease with increase in temperature. Respectively, the maxi-
mum MO adsorption capacity of 71544 and 708 mg/g was ob-
tained at temperature 25 °C, pH 4 and 100 mg/L initial MO con-
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centration, indicating a profound improvement of capacity of both
adsorbents for MO aqueous adsorption compared with many other
magnetized adsorbents. Pseudo-second-order described the kinet-
ics of MO sorption on the nanocomposites, while the Freundlich
isotherm gave the best fits with sequence of fit in the order Fre-
undlich>Langmuir>Tempkin>DR adsorption model. The excellent
performance of the new UMLDH and CMLDH compared with
many other hybrid magnetic adsorbents suggests that they have great
potentials for effective remediation of dyes contaminated water
and wastewater.
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Fig. S4. Pareto diagram for (a) UMLDH and (b) CMLDH MO removal efficiency models, respectively.
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Table S1. BET surface area, pore volume and size distribution for UMLDH and CMLDH

Quantachrome Novawin - Data Acquisition and Reduction
for NOVA instruments
©1994-2013, Quantachrome Instruments
version 11.03

Analysis Report
Operator: quantachrome Date:2018/10/04 operator: quantachrome Date:2019/06/18
sample ID: 1 Filename: uncalcined_magnetic_LDH. gps
sample Desc: comment :
sample weight: 0.0549 g sample volume: 1 cc
outgas Time: 5.0 hrs outgasTemp: 150.0 €
Analysis gas: Nitrogen Bath Temp: 273.0 K
Press. Tolerance:0.100/0.100 (ads/des)Equil time: 60/60 sec (ads/des) Equil timeout: 240/240 sec (ads/
An?}ysis Time: 179.8 min end of run: 2018/10/04 5:10:39 Instrument: Nova station A
Ce ID: 0
Data Reduction Parameters
t-Method calc. method: de Boer
BJH/DH method Moving pt. avg.: off Ignoring P-tags below 0.35 P/Po
Adsorbate Nitrogen Temperature 77.350
Molec. wt.: 28.013 Cross Section: 16.200 A= Liquid Density: 0.808 g/cc
Radius pore volume pore surf dv(r) ds(r) dv(logr) ds(logr)
Area
A cc/g m*/g cc/A/g m*/A/g cc/g cc/g
16.0849 7.0336e-03 8.7456e+00 2.8530e-03 3.5474e+00 1.0546e-01 1.3113e+02
18.7063 1.3855e-02 1.6038e+01 2.4558e-03 2.6257e+00 1.0558e-01 1.1289e+02
21.9105 2.2992e-02 2.4379e+01 2.5164e-03 2.2970e+00 1.2667e-01 1.1562e+02
26.1025 3.6300e-02 3.4576e+01 2.8000e-03 2.1454e+00 1.6782e-01 1.2859e+02
31.7401 5.8787e-02 4.8745e+01 3.4477e-03 2.1724e+00 2.5108e-01 1.5821e+02
40.4202 1.0160e-01 6.9931e+01 3.9507e-03 1.9548e+00 3.6548e-01 1.8084e+02
54.7741 1.7761e-01 9.7683e+01 4.2532e-03 1.5530e+00 5.3163e-01 1.9412e+02
81.8414 3.1958e-01 1.3238e+02 3.9150e-03 9.5672e-01 7.2553e-01 1.7730e+02
BJH adsorption summary
surface Area = 132.378 m*/g
Pore volume = 0.320 cc/g
pore Radius Dv(r) = 54.774 A
Quantachrome Novawin - Data Acquisition and Reduction
for NOVA instruments
©1994-2013, Quantachrome Instruments
version 11.03
Analysis Report
operator: quantachrome Date:2018/10/04 operator: quantachrome Date:2019/06/18
Sample ID: 1 Filename: calcined_magnetic_LDH. gps
sample Desc: comment :
sample weight: 0.1053 g sample volume: 1 cc
outgas Time: 5.0 hrs outgasTemp: 150.0 C
Analysis gas: Nitrogen Bath Temp: 273.0 K
Press. Tolerance:0.100/0.100 (ads/des)Equil time: 60/60 sec (ads/des) Equil timeout: 240/240 sec (ads/des)
An?}ysis Time: 168.1 min end of run: 2018/10/04 8:31:45 1Instrument: Nova Station A
Ce ID:
Data Reduction Parameters
t-Method calc. method: de Boer
BJH/DH method Moving pt. avg.: off Ignoring P-tags below 0.35 P/Po
Adsorbate Nitrogen Temperature 77.350K
Molec. wt.: 28.013 Cross Section: 16.200 A= Liquid Density: 0.808 g/cc
Radius pPore volume pore surf dv(r) ds(r) dv(logr) ds(logr)
Area
A cc/g m*/g cc/A/g m*/A/q cc/g cc/g
16.1749 3.6697e-03 4.5375e+00 1.5498e-03 1.9164e+00 5.7619e-02 7.1245e+01
18.7243 7.9318e-03 9.0900e+00 1.5606e-03 1.6669e+00 6.7166e-02 7.1742e+01
21.9985 1.4200e-02 1.4789e+01 1.6420e-03 1.4928e+00 8.2965e-02 7.5428e+01
26.1332 2.2192e-02 2.0905e+01 1.7952e-03 1.3739e+00 1.0776e-01 8.2470e+01
31.6790 3.5784e-02 2.9486e+01 2.0471e-03 1.2924e+00 1.4878e-01 9.3928e+01
40.2425 6.1015e-02 4.2026e+01 2.4059e-03 1.1957e+00 2.2166e-01 1.1016e+02
54.5341 1.1119e-01 6.0428e+01 2.7729e-03 1.0169e+00 3.4497e-01 1.2652e+02
81.9193 2.2592e-01 8.8438e+01 3.1282e-03 7.6373e-01 5.8007e-01 1.4162e+02

BJH adsorption summary

surface Area = 88.438 m*/g
pPore volume = 0.226 cc/g
Pore Radius pv(r) = 81.919 A
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Fig. S7. XRD patterns for the spent UMLDH (above) and CMLDH (below) nanocomposites.
Table S2. UMLDH and CMLDH optimization goals, results and desirability for the different target scenarios
Optimization results
Scenario and its target goals
Variable UMLDH CMLDH
1 2 3 4 1 2 3 4 1 2 3 4
A Minimize Minimize Minimize Inrange 25 25 25 45 25 25 25 45
B 20 60 100 Inrange 20 60 100 100 20 60 100 100
C Inrange Inrange Inrange Inrange 4 4 4 4 4 4 4 4
Y, Maximize Maximize Maximize Maximize 63.3 51.006 51.307 51.5988 - - - -
Y, Maximize Maximize Maximize Maximize 60435 4955 4993  50.701
Y, Maximize Maximize Maximize Maximize 10693 18447 27637 279.571
Y, Maximize Maximize Maximize Maximize 10391 17795 26742 273.02
Desirability - - - - 0620 0713 0850  0.793 0629 0725 0863  0.824
Table S3. UMLDH and CMLDH optimization goals, results and desirability for the different target scenarios
Optimization results
Scenario and its target goals
Variable UMLDH CMLDH
1 2 3 4 1 2 3 4 1 2 3 4
A Inrange Inrange Inrange Inrange 45 45 45 45 45 45 45 45
B 20 60 100 Inrange 20 60 100 100 20 60 100 100
C Inrange Inrange Inrange Inrange 4 4 4 4 4 4 4 4
Y, Maximize Maximize Maximize Maximize 67.569 53.282 51.598 51.598 - - - -
Y, Maximize Maximize Maximize Maximize - - - - 63.681 51476 50.701 50.701
Y, Maximize Maximize Maximize Maximize 113.00 189.19 279.57 279.571 - - - -
Y, Maximize Maximize Maximize Maximize - - - - 108.83 18337 273.02 273.02
- - - 0.513 0.641 0.793 0.793 0.518 0.654 0.824 0.824

Desirability -
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