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Abstract

It was shown for the first time that the efficiency of dye adsorption by nanoparticles (NPs) in a cheap and safe nanobio-
composite was increased several times (713%) due to the synchronization of the controlled synthesis of nanobiocomposite
(a-Fe,O;NPs/lemon peel (LP)/Fe;O,NPs) in the final stages of its nanoparticles growth with the removal process of Brilliance
Green, compared to that of the separate synthesis from the removal process. It was only performed during the simultaneous
adsorption and photodegradation (SAP) because of the stabilization of its NPs by the small substances obtained from dye
photodegradation, unlike alone adsorption (AA) with agglomeration of its NPs. It turned out that only in the case of simulta-
neous nanobiocomposite synthesis with dye removal process during SAP, the percentage of dye adsorption by nanoparticles
of nanobiocomposite is higher than that of organic substances of its LP. A competitive process was happened between NPs
and the organic substances of LP in nanobiocomposite including hydrolyzable tannin, cellulose and effective alcohols, in
the absence of performance of pectin at pH = 6.0 and, with participation of only pectin at pH=4.0, for adsorption with and
without photodegradation of the dye which was studied by reaching the quantitative values and the mass balances.

Keywords Simultaneous removal and synthesis - Nanoparticles stabilization and agglomeration - Simultaneous adsorption

and photodegradation - Dye - Mass balances

Introduction

It is noticeable that tri-phenyl-methane (TPM) dyes, as an
important kind of commercial ones, have various applica-
tions in industries (Duxbury 1993). Among the TPM dyes,
Brilliant Green (BG) has variety uses (usually with other
TPM dyes, such as malachite green and crystal violet) in the
textile industry to color silk, wool, leather, cotton and paper.
It is also widely used in fish farming industry because of its
antimicrobial, anti-parasitic and antifungal spectrum, low
cost and high efficiency in the prevention and treatment of
certain fish diseases (Eshaghi and Ahmadi 2011). The main
reason for removing BG dye is the toxicity with mutagenic
and carcinogenic effects that can influence both aquatic biota
and humans (Seshadri et al. 1994). There are many various
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technologies have been used for dye removal over the years,
some of the traditional techniques for color removal are,
activated carbon (charcoal), filtration and coagulation that
each method has a few advantages and disadvantages (Toor
2006).

Among the new techniques, adsorption has a particular
role in practical applications because of its simplicity and
cost effectiveness. In addition, there are several advanced
oxidation processes being evaluated for the destruction of
dyes. The photocatalysis degradation such as the effective
UV light can be a kind of this method which consider in this
study (Toor 2006; Yagub et al. 2014).

Fe;0, nanoparticles which are in focus as important dye
adsorbents cause their large specific surface area and small
diffusion resistance that has kinds of ways for preparing
and the one that is considered in this study it is co-prepara-
tion way. Also, a-Fe,0; is the other magnetic metal oxides
which is extremely studied materials extensively used as
catalysts, sensors, fine ceramics, data storage materials
and pigments and for preparing, the hydrothermal syn-
thesis method is chosen among the other ways. To avoid
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the agglomeration and improve the stability of adsorption
in aqueous solution, and even for the connection of nano-
composite’ particles, like in this study, the surface with the
organic agents can be modified (Mohammadi et al. 2014;
Ahmmad 2013).

Lemon peel, like the peel of other citrus fruits as a cheap,
safe and available agent, contains cellulose and hemicel-
lulose, tannin, pectin, various alcohols and aliphatic sub-
stances, and the presence of functional groups in some of
these substances makes them functional (Oboh et al. 2014)
which these organic matters can both adsorb dye and bind to
the nanoparticles (Rakhshaee and Noorani 2017).

Cellulose and pectin are the most structurally complex
family of polysaccharides in nature with covalently linked
galacturonic acid-rich plant cell wall polysaccharides (Moh-
nen 2008). It can be noticed that the pectin’s functional
groups such as hydroxyl and carboxylate can play the most
role for modifying the surface of nanoparticles and be as
the connector in the subjected nanocomposite (Mohammadi
et al. 2014). The batch experiments are usually carried out
in order to determine the maximum adsorption capacity and
the continuous adsorption is most of the time desired from
industrial point of view (Ahmad 2010). On the other hand,
photodegradation using nanophotocatalysts is used as the
effective method to remove dye, but due to the limitations of
its removal mechanism, they do not have a very wide range
of performance (Rakhshaee and Darvazeh 2017 and 2018).

In this study, it is used the batch system for
both alone adsorption (AA) and the simultaneous
adsorption and photodegradation (SAP) of BG by
(o — Fe,O;NPs/lemonpeel /Fe;O,NPs) synthesized both
simultaneously with the removal process and separately
from it. It was shown that the highest dye removal efficiency
by the nanobiocomposite occurs when the final stages of its
synthesis and the growth of its nanoparticles are simultane-
ous with the simultaneous adsorption and photodegradation
(SAP) due to autocatalysis role of small organic substances
resulting from photodegradation in more stabilization and
efficiency of its nanoparticles. In this case, about 713%
increase in dye adsorption by nanoparticles of nanobiocom-
posite was observed.

The alone adsorption was also used to determine the con-
tribution of each removal mechanism. The lemon peel (LP)
as a matter containing the cellulose and hemicellulose, lin-
alool, borneol, fenchol, hydrolyzable tannin and pectin (the
main adsorption factors) was connected to a — Fe,O; NPs
as a photocatalyst and Fe;O, NPs as a connection mediator.

It was shown that the dye degradation products when the
process is carried out as SAP can contribute to nanoparticles
stabilization and play a role in increasing the contribution
of dye removal, while agglomeration of NPs is happened in
AA when the nanobiocomposite synthesis is done in its final
stages at the same time as the dye removal process.
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The mass balance of the adsorbed dye showed that among
the organic components of LP in nanocomposite, only the
molecules of linalool, borneol, fenchol, cellulose and hydro-
lyzable tannin can be considered as the only dye adsorp-
tion factors at pH=6.0, while pectin is only agent of LP in
nanocomposite to adsorb dye at pH=4.0. Also, Fe;0, NPs
and even a-Fe,O0; NPs can adsorb the part of BG molecules
either in alone adsorption or in the simultaneous adsorption
and photodegradation process having the adsorbing func-
tional groups.

Materials and methods

The synthesis of (« — Fe,O;NPs/lemonpeel /Fe;O,NPs) was
carried out both in absence and presence of dye removal pro-
cesses to evaluate agglomeration and stabilization of its nan-
oparticles. It was performed in the presence of both only dye
molecules (in AA) and smaller components resulting from
dye photodegradation (in SAP). The goal is to investigate the
effect of smaller materials resulting from photodegradation
on the change in size and crowding of nanoparticles at the
same time as synthesis, in addition to the usual dye contact
of nanocomposite materials after the end of synthesis.
Fe;0, NPs were synthesized with co-precipitation of
FeCl;.6H,0 and FeSO,.7H,0 in alkaline solution with the
following method. First in a beaker, 6.00 gr FeCl;.6H,0
and 4.0 gr FeSO,.7H,0 were dissolved with 100 ml dis-
tilled water by heating up to 90 °C then quickly added 50ml
NH,OH26% to our solution to make the pH = 10. After that
the solution were mixed 30 min at 80°C. The black nano-
particles sediment were washed with distilled water and
ethanol 96% then dried at 50 °C. In the next step for the
synthesis of a — Fe,O; (Rakhshaee and Darvazeh 2017)
and o — Fe,0,/LP , first, 3.00 gr of lemon peel and 7.40
gr of Fe(NO;);-9H,0 was mixed with 80 ml distilled water
at room temperature for 10 min under magnetic stirring.
Then was dropped ammonia (76%) into the resultant solu-
tion at room temperature till pH = 9.0 and was mixed for
20 min. The solution was transferred to an autoclave which
was heated at 70 °C for 5 h under ambient temperature. The
autoclave was cooled to room temperature and the product
was washed with ethanol (96%) and distilled water then was
dried at 50 °C. In the final step, it is chosen two ways for
preparing the final composite, first, was prepared the situ-
ation for adding 0.25 g magnetite to the solution that con-
sisted of 0.50 g hematite/ LP which mixed with distilled
water in 25 °C and was mixed for 10.0 min. This nanocom-
posite is named NCT as product of P1 (the nanobiocom-
posite (o — Fe,0;/lemonpeel /Fe;0,) in optimum form)
which is mixed in the last stage of synthesis by heating up
to 25 °C). NCT as P1 after collecting by filtration and wash-
ing with distilled water for 5.0 min is then contacted with



Applied Water Science (2024) 14:63

Page30f23 63

BG solution for 10.0 min as the removal time (a total of
20.0 min of final mixing time in synthesis of NCT and dye
removal, separately). Most of the experimental cases in this
study were used 0.05 g of this matter in 10 ml of BG solution
(5.0 g/1). In the second way, the last step of synthesis was
done at 10 °C which is named NCWT (the nanocomposite
(o — Fe, 05 /lemonpeel /Fe;0,) that is synthesized without
heating). In the both ways, the result sediment was washed
with distilled water and ethanol 96% then dried at 50 °C.
a — Fe,0;/ UV (without lemonpeel/Fe;0,) was used to
compare the results of BG removal by alone adsorption with
the simultaneous photodegradation and adsorption.

If in the other experiment, the total time of 20.0 min of
the final mixing in the synthesis of NCT is divided into
two 10.0 min, which include the first 10.0 min including
the same mixing during the synthesis of NCT (no contact
with the dye) and the second 10.0 min including the mixing
in contact with the dye solution and in the presence of the
synthesis agents (without collecting and washing of NCT
before adding dye solution, unlike P1, that is, the simultane-
ous synthesis during the last 10.0 min with the dye removal
process), the NCT is as product of P2. In other words, 10.0
min of the final growth of nanoparticles is done simultane-
ously with the removal of dye for P2. That is, the contact
time of the NCT with the dye for removal in both cases of
P1 and P2 is 10 min. In order to evaluate the effect of other
simultaneous synthesis and removal times on the average
size of nanoparticles in NCT and its ability to remove dye,
in addition to 10 min (for P2), times of 2.0, 5.0 and 15.0 min
were also examined.

Agglomeration and/or stabilization of NPs during AA
and SAP methods, in the separate and simultaneous states
of NCT synthesis and dye removal processes for P1 and P2,
respectively (using XPS and TEM studies), and the obtained
changes of the dye removal values as adsorption on NPs,
adsorption of the organic agents of LP and photodegradation
by photocatalyst in NCT can be seen. In other words, the
effect of large dye molecules and the smaller components
resulting from its photodegradation can be investigated on
the stabilization and/or agglomeration of nanoparticles of
NCT.

Results

The different effects of changing pH on dye removal
using P1 and P2 during AA and SAP

pH is also a vital parameter for the reaction performance that
affect the size of photocatalyst aggregates, the charge state of
the photocatalyst particles and the quantum yield of oxida-
tive/reductive species. It can be noticed that the pH plays an

Table 1 Surface charges of dye and substances in NCT at differ-
ent pHs. The PZC/pKa values are considered by default for the pure
components of the materials that are present in NCT structure that the
type of electric charge of the components corresponds to the results

Surface charge in different pHs

Substances (PZC / pKa of pure com- pH=4.0 pH=6.0 pH=10.0
ponents based on various references)

BG +

5.3)

Fe;0, NPs + + -
3.2)

a-Fe,0; NPs +
9.3)

Cellulose & Hemicellulose + + +
(12.0-12.8)

Alcohols with more amounts + + +
(Linalool, Borneol, Fenchol)

(14.5-15.3)

Tannin + + -
(8.9)

Pectin — - _
(3.5)

Table 2 Materials from LP (Oboh et al. 2014) of (a-Fe,O; NPs/ LP /
Fe;0, NPs) with a negligible effect on BG adsorption

Alcohols with very small Compounds without effective func-

amounts tional groups to remove BG

Benzyl alcohol Limonene (with the highest percent)
Nerol Sabinene

Terpineol a-Pinene

Myrcene B-Pinene

important role in the generation of hydroxyl radicals as the
main agent to dye degradation. By the effect of adsorption
process on degradation ability, the PZC of nanoparticles and
pk, of cationic dye can be played an important rule for the
effect of UV light degradation too.

Table 1A shows the surface charges of dye and remover
substances in nanobiocomposite (a-Fe,0; NPs/lemon peel
(LP)/Fe;0, NPs) as NCT at different pHs due to their point of
zero charge (PZC) and pKa. Table 2 shows materials from LP
in NCT with a negligible effect on BG adsorption.

The equations of photodegradation by hematite are as
follows:

a —Fe,05 + UV — a — Fe,0; + hi, +egy

OH™ + h:r,B — -OH
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0, +eqg = 05

H* +-0; — HO,

‘HO, + H" + ey — H,)0,
H,0, + ez, — OH™ + -OH

BG" +-0; +-:OH + -HO, — Mineralized products

As can be seen, increasing both acidic and alkaline solu-
tions can increase the radicals as the degradation agents of the
dye. So that OH™ increases -OH, while HT creates -HO, and
H,0, (which H,0, produced -OH). But as can be seen from
Fig. 1(A1l) when photodegradation was done with adsorp-
tion, simultaneously (SAP) using NCT as P1, only the acidic
pHs (of 4.0 and 6.0) increases the dye removal, compared
with alone adsorption. As can be seen from Fig. 1(Al), the
removal percentage in batch is decreased due to the increase
in pH in SAP (unlike that of fixed bed system, in next sec-
tions). It shows that the synergistic role of photodegradation
with adsorption to remove BG is done only at the acidic pHs,
while it was reduced at neutral and alkaline pHs.

The reason can be that at the acidic pHs, increasing H*
increases -HO, (as a main agent of dye degradation) and
this radical produces H,0, in the presence of H and that
H,0, produces -OH (as other agent of dye degradation),
while at pH of 10.0, although the production of -OH from
OH™ is expected, OH™ can be absorbed by the matter in
LP of NCT such as cellulose with higher mass percentage
(Rivas et al. 2013) as a main adsorbent which has positive
charge at this pH. This case reduces the positive points of
cellulose, so the adsorption of the negative dye (at pH of
10.0) is reduced, and therefore, the total dye removal (due
to the simultaneous photodegradation and adsorption) is
reduced. In other words, the UV-C light acts an inhibitor
factor for dye adsorption at pH=10.0. Figure 1(Al and
A2) shows the effect of pH for simultaneous adsorption
and photodegradation process (SAP) and alone adsorption
for SAP process for BG removal by NCT as P1 and P2.
The factors of free radical and the electric charge between
agents cause the BG removal in SAP at pH of 10.0 for P1
to be less than AA process (unlike pHs of 4 and 6). The
maximum removal was obtained at pH =6.0 for P2 dur-
ing SAP and AA. Figure 1(A3 and A4) shows the effect
of the synchronization of NCT with BG removal dur-
ing the different times on the mean size of NPs of NCT
and dye removal efficiency, at pH=6.0 for AA and SAP
processes.
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Study of agglomeration and stabilization

of nanoparticles in NCT using P2 during AA

and SAP processes, respectively, and their effects
on decreasing and increasing dye adsorption

Figure 1B—F shows the XPS spectra of bare NCT, NCT-BG
after alone adsorption (AA) and NCT-BG after simultaneous
adsorption and photodegradation (SAP) for O 1S (H-O and
Fe-0), Fe 2P (1/2 and 3/2), C—C and C-O.

As can be seen from Fig. 1B-F (confirmed by TEM
images of Fig. 1G-K) in AA and SAP by P2 (simultaneous
NCT synthesis and BG removal), agglomeration of NPs (due
to the presence of the large BG molecules) and stabilization
of NPs (due to the presence of small substances from dye
photodegradation) in NCT-BG occur, respectively, com-
pared with those of bare NCT. In both AA and SAP by P1
(separate NCT synthesis and BG removal), no appreciable
stabilization and agglomeration for NPs in NCT-BG occur
compared with those of bare NCT.

It is possible that when P2 is used in SAP because of both
the smaller and more components resulting from the degra-
dation of the dye with various functional groups that have
more ability to bind to nanoparticles, due to their greater
mobility and permeability, create a better connection with
nanoparticles and stabilize them, unlike using P1.

In the simultaneous synthesis with the removal (P2) in
AA, due to the lower mobility and penetration of large color
molecules, not only the stabilization of nanoparticles is not
done, but in the last stage of the growth of nanoparticles,
accumulation and agglomeration occur. This is not observed
in the use of P1 in AA. The reason can be the role of large
color molecules and the crowding resulting from them. In
such a way, it causes the proximity of the functional groups
of nanoparticles to each other, which creates aggregation
and agglomeration.

The presence of free —OH of NCT and the intensity of its
peak of XPS decrease further due to the greater binding of
dye and substances from its decomposition to nanoparticles
and organic substances of LP while intensity of Fe—O and Fe
(2P) peaks shows an increase during SAP using P2, which
indicates a smaller size (larger surface area) of nanoparticles
as a result of their stabilization by the components resulting
from the photodegradation of the dye.

In Fig. 1B and D, the proximity of the peaks of Fe—-O and
Fe (2P) is due to the lack of significant stabilization or agglom-
eration of NPs in NCT-BG during AA and SAP by using P1
compared with those of bare NCT which was confirmed by
TEM. The decrease in the intensity of peaks H-O in NCT-BG
of AA and SAP (in Fig. 1B) compared to those of bare NCT is
due to the consumption of —OH of nanoparticles and organic
materials of LP to absorb the functional groups of the dye,
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Fig. 1 The effect of pH for
simultaneous adsorption and
photodegradation process (SAP)
and alone adsorption (AA) by
NCT as P1 and P2 in removal
time of 10.0 min (A1 and A2)
and effect of simultaneous syn-
thesis times with removal pro-
cess on NPs mean size of NCT
and BG removal percentages
during SAP and AA at pH=6.0
(A3 and A4). XPS spectra of
bare NCT, NCT-BG after alone
adsorption (AA) and NCT-BG
after simultaneous adsorption
and photodegradation (SAP)
(B-G). TEM images of bare
NCT (H), NCT-BG using NCT
as P1 in SAP and AA (I and
J), and NCT-BG using NCT

as P2 in SAP and AA (K and
L). AA and SAP were done for
2.0 mg BG/g NCT, pH=6.0,
dosage=0.05 g/ 10 ml, Cy=10
ppm, 7=20 °C
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F|g. 1 (Continued) Using NCT as P2 (was synthesized simultaneously with dye removal for 10.0 min)

[NPs in bare NCT with the average size less than those of NCT-BG in
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Fig. 1 (continued)
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«Fig. 2 Potentiometric titration curves of bare NCT treated at pHs of
4.0 and 6.0, and of NCT-BG as P1 due to alone adsorption (AA) and
simultaneous adsorption and photodegradation (SAP) processes at
pH of 4.0, and the scheme of pectin and hydrolyzable tannin form of
nanocomposite s' LP (in a-Fe,05 NPs/lemon peel (LP)/Fe;O, NPs) at
higher and less pHs than their PZC and interaction between the sub-
stances and BG

which is more efficient in AA. Figure 1C and E shows stabili-
zation and agglomeration of NPs in SAP and AA, respectively,
by using NCT as P2. Figure 1F shows by using P1 stabilization
and agglomeration do not occur in AA, due to the maximum
adsorption of dye, and the most organic substances contain-
ing C—C and C-O are present. Using P2 (Fig. 1G), due to
stabilization of NPs in SAP and agglomeration of NPs in AA,
respectively, more and less connection occurs between small
materials resulting from dye photodegradation and or big dye
molecules with nanoparticles.

Figure 1H-L shows TEM images of NCT after simultane-
ous adsorption and photodegradation (SAP) and alone adsorp-
tion (AA) of BG, respectively, after 30 min at pH=10.0.

These images confirm the XPS results about the role of
dye photodegradation products for the stabilization of nano-
particles compared with agglomeration done during alone
adsorption.

The agglomeration of nanoparticles reduces their effective
surface and performance. Usually, the presence of organic or
polymer compounds as a stabilizer prevents this state.

It has been shown that the compounds obtained from the
photocatalytic degradation of BG in SAP can stabilize the nan-
oparticles; while the BG molecules did not stabilize the nano-
particles, the aggregation of nanoparticles also occurred in
AA using NCT as P2. The process of NPs stabilization in SAP
causes an autocatalytic cycle. In such a way, the destruction
of the dye helps to prevent the accumulation of nanoparticles
to optimal performance through photocatalytic nanoparticles.

The reason for this performance difference can be due to
the fact that the compounds resulting from the decomposition
in SAP are smaller compared to the big dye molecules in AA,
and they can better penetrate the pores of nanoparticles and
prevent the interaction between them and so their agglomera-
tion. Even on the contrary, since the BG molecules in AA are
more adsorbed to the functional groups of LP in NCT, they
contribute more to the accumulation of NPs compared to the
bare NCT, because part of the functional groups of LP that are
responsible for the NPs stabilization role were connected to
BG molecules which these molecules do not have the neces-
sary ability for NPs stabilization because on the one hand BG
molecules are not the small like the photodegradation com-
pounds that can penetrate between the nanoparticles and, on
the other hand, are not wide with many active groups like the
organic compounds of lemon peel.

Discussion

Pectin of LP in NCT; only effective agent to adsorb
BG at pH=4.0: Potentiometric titration to obtain
contribution of pectin in simultaneous adsorption
and photodegradation (SAP)

Potentiometric titration curves show the one inflection points
at approximately pH 4.3-4.5, which corresponds to pKa val-
ues of carboxyl—carboxylate equilibrium point. Pectin as one
of the components of lemon peel has -COOH/-COOCH;
groups. Also, one of the main tannin forms as a polyphenol
is the hydrolyzable structure which has -COOH functional
group. So they can neutralize alkaline titrant. But hydro-
lyzable tannin having the same charge with BG charge at
pH=4.0 does not have appreciable adsorption; in addition,
it has its group as -COOH,™" and so does not show the inflec-
tion point of carboxyl-carboxylate equilibrium.

Pectin has the negative surface charge like BG, at pHs
of 6.0 and 10.0. Therefore, due to the repulsion between
dye and pectin, BG adsorption on pectin of NCT can be
ignored at these pHs. For this reason, the amount of adsorp-
tion is evaluated using potentiometric titration between BG
and NCT treated (NCT-BG) as P1 at pH=4.0; due to the
same electrical charges (as positive) of BG and all effective
components of NCT except pectin, adsorption between them
is insignificant. In the other words, the only BG adsorbing
agent by NCT at pH=4.0 is pectin of LP in NCT.

As can be seen from Fig. 2, for both the bare NCT and NCT-
BG states that were treated in pH=4.0, the infection point was
observed at pH of 4.5-4 in potentiometric titration, which indi-
cates the conversion of —-COOH to —COOQO™ related to pectin.
Because as it can be seen, it is only pectin that is in acid form
around pH=3.5, and therefore that part of it that is not con-
verted to -COO™ in pHs of about 3.5 (pH=4.0) is converted
to —COONa in the presence of the added NaOH as the titrant.

The difference between the mentioned two curves is in the
amount of titrant used to neutralize the -COOH of pectin,
which is about 0.6 ml less in the case of the NCT-BG due to
the simultaneous adsorption and photodegradation compared
with bare NCT, because the BG* that remains in molecu-
lar form and does not photodegraded can be adsorbed by
—COQO™ of pectin (at pH=4; 3.5 <pH <5.3), and therefore,
it is possible to perform fewer conversions from -COOH to
—COO™ which causes less NaOH consumption.

In the simultaneous adsorption and photodegradation
PIrocCess, [COOH] = [(Veqi vaom) X Cnaon) /m| = [(3.7x0.01) /3.0] = 0.012 mmol/g
= [(3.7x0.01) /3.0] = 0.012 mmol/g.

In the bare NCT,[COOH] = [V, naom X Cnaon] /M

[COOH] = [Veqo Na0H) X CNaon] /m = [(4.3%0.01) /3.0] = 0.014 mmol/g-
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It is equal to the value of —-COOH groups of pectin in
NCT which does not interfere for the dye adsorption in the
simultaneous adsorption and photodegradation process at
pH=4.

So A [COOH]=[AV,q Naom) X Cnaonl/m=1(0.6x0.01)/
3.0]=0.002 mmol/g.

It is equal to the value of -COOH groups which interferes
for the adsorption of dye in the simultaneous adsorption and
photodegradation process at pH=4.0.

If, ideally, each BG molecule with its positive electric
charge is attached to two pectin carboxylate groups from one
or two pectin chains from its two sides (through two groups

—NH(Et),), then each BG molecule with two moles car-
boxylate related. So 0.002 mmol of the mentioned carboxyl
is connected to 0.001 mmol or 0.47 mg BG for each gram
NCT at pH=4.0.

The difference between the primary BG used in total and
this amount (0.47 mg) is equal to about the amount of BG
that is photodegraded and or adsorbed by other adsorbents
of NCT.

Initial BG mass/ NCT=10.0 ppm X 10.0 ml=0.10 mg
/0.05 g=2.00 mg/g.

Total BG removed at pH of 4.0 in simultaneous adsorp-
tion and photodegradation =93.3% x 10.0 ppm=9.3
ppm X 10.0ml=0.093 mg total BG removed/0.05 g=1.86
mg/g.

Therefore, the mass of BG removed by other ways
includes adsorption by other matters and photodegradation
at pH of 4.0=1.86—(0.47 mg/g removed by adsorption on
—COO™ of pectin) =1.39 mg/g. Because, as mentioned, the
contribution of BG adsorption by other components of NCT
in pH=4.0 due to the same electric charge is insignificant,
1.39 mg/g is about the contribution of photodegradation in
the simultaneous process.

On the other hand, for the bare NCT treated at pH=6.0
and NCT-BG due to alone adsorption at pH=4.0, no inflec-
tion point can be seen in 4.5—4.5 during titration, which
indicates the absence of significant presence of —-COOH in
both pectin and tannin in these samples. According to Fig. 2,
there is no free -COOH in pH =6, and although there is a
possibility of the presence of —-COOH groups in the bare
NCT at pH=4.0, for NCT-BG after alone adsorption, the
maximum value of BG™ is adsorbed to -COO™ of pectin in
NCT, and it does not allow the NaOH to convert -COOH
to salt -COO™.

These results show that almost a significant amount of
free -COOH groups does not remain in NCT-BG at pH=4.0
in alone adsorption (AA), and in other words, all of them
participated in BG absorption. Also, according to the inves-
tigations carried out on nanoparticles that show the amount
of adsorbed dye (by PPA method in Sec. 3.5), it is clear that
any BG that is not adsorbed by pectin of LP is only adsorbed
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by nanoparticles and no dye is absorbed by other organic
substances of LP in NCT at pH 4.0 in AA.

Determination of contribution of effective alcohols,
Cellulose and Hydrolyzable tannin of LP in NCT as P1
and P2 to adsorb BG at pH=6.0 using AMI method
and confirmation of results by PPA method

Acetic anhydride (A) can react with —OH of bioorganic mat-
ter in the presence of and microwave irradiation (M) and
iodine (I) (Zhang et al. 2019). In this study, the AMI method
is named.

Hydrolyzable tannin, cellulose, and linalool, borneol and
fenchol, alcohols of LBF (TCA) are the main organic agents
in lemon peel of NCT which have —OH as the similar func-
tional groups for the adsorption of BG. Other alcohols of LP
have very small amounts and do not have a significant effect
on dye adsorption.

Therefore in this study, the same method was chosen to
measure the hydroxyl of them and finally to determine BG
adsorbed by these organic agents.

If the mass balance of the adsorbed dye is established in
the mentioned method, which is specific to the molecules
with —OH groups in LP of NCT, then only the molecules
of LBF, cellulose and hydrolyzable tannin can be consid-
ered as the only dye adsorption factors in pH=6.0 and that
the same situation will be observed and proven. pKa of lin-
alool, borneol and fenchol (effective alcohols of LBF for
BG removal) is 14.5-15.3, so it has the positive charge due
to their -OH," groups at pHs of 4.0, 6.0 and 10.0, simi-
lar to cellulose. Because BG is positive at pH of 4.0, so its
adsorption is negligible by TCA, so that AMI method in
this section and PAA method by evaluating consumed titrant
showed that the adsorption of BG by TCA and NPs was
negligible, respectively, at pH=4.0. It can be expected due
to the same electrical charge of BG and TCA components
and nanoparticles (Table 1). Therefore, the only main BG
adsorption agent in this pH was pectin of LP in NCT.

But at pHs of 6.0 and 10.0 that the dye is as BG™ due to
its free pair electrons, its adsorption can be happened by
cellulose and alcohols of LBF with their positive charges.
Therefore to evaluate the ability of cellulose and LBF to
adsorb dye, NCT-BG treated at pHs of 6.0 was selected to
study by anhydride acetic test.

As can be seen from Fig. 3, for the samples of S1, S2
and S3, 10 ml of acetic anhydride 1.0 mM (10.0 mmol)
is used and shake 1.0 h, separately. Then the mixture was
treated with iodine 15mol% under microwave irradiation
with power 300 W for 20 min. After separation mass, the
remained anhydride is washed by distillated water. Then, it
was neutralized by NaOH 0.01 M as titrant to determine the
unreacted acetic anhydride.
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AS 1-2 Contribution of TCA to dye adsorption in AA

AS 2-3 Reducing contribution of TCAin dye SAP

Fig.3 Reaction between TCA of nanocomposite s' LP (in a-Fe,O; NPs/lemon peel (LP)/Fe;0, NPs) as P1 and P2 with acetic anhydride in the
presence of iodine under 300W microwave

(CH,;CO0), 0 (free) is not reacted + H,0 — 2 CH;COOH.
NaOH + CH;COOH — CH;COONa + H,O0.
Immol NaOH = 0.5mmol(CH,CO),O (free)

S = [rnmol consumed (CH3CO)2O]
= [A mmol initial (CH;CO),0]—[B mmol free (CH,CO),0].
= [C mmol connected CH3CO—] + [C mmol free CH3COOH],

that B = (C/2).
On the other hand,
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Because any —OH group in organic matters can react with
(CH;CO),0, it can naturally participate in BG adsorption
at pH=6.0, so about 1 mmol (CH;CO-) =1 mmol BG, so.

1 mmol NaOH= 0.5 mmol (CH;CO-) = 0.5 mmol BG

The BG adsorption can be done at pH=6.0 by organic
matters (alcohols of LBF, cellulose and hydrolyzable tannin)
except pectin which has the same surface charge with BG
at pH of 6.0.

In order to determine the contribution of (CH;CO),0
absorption by Fe;O, NPs and a-Fe,O; NPs (both together
and separately) and the contribution of BG absorption by only
the organic matters in LP of NCT as P1 and P2, the same
amount of each nanoparticles synthesized in NCT was syn-
thesized separately (without LP) and placed in contact with
the same amounts of (CH;CO),0 under the same conditions.
The results for NCT as P1 showed that the alone nanoparti-
cles (a-Fe,05 and Fe;0,) can adsorb 0.47 mg BG/0.23 g NPs
which is because the amount of nanoparticles used in each g
NCT is equal to 0.23 g (0.23 g NPs/g NCT); therefore, the BG
adsorption by NPs of NCT is 0.47 mg BG/g NCT. 0.49 mg/g
was obtained due to the evaluation of the BG adsorption by
nanoparticles in alone adsorption by PPA method which
shows a good closeness of the data.

This experiment was also done for the simultaneous
adsorption and photodegradation (SAP) to evaluate BG
adsorption capacity by NPs of NCT which was obtained
0.12 mg/g. So 0.36 mg/g (0.48-0.12) was photodegraded,
obtaining 0.38 mg/g in the study of PPA method in
Sect. 3.2.7 which is a good confirmation.

Therefore, the difference between the NaOH consumed
due to the adsorption of (CH;CO),0 and so BG by NCT as
P1 from NaOH consumed that of alone nanoparticles can
be evaluated as the ability of BG adsorption by only organic
agents of NCT as presented below:

(S1-S2) = 0.094 mmol NaOH/20 g for NCT-BG was
obtained in alone adsorption at pH of 6.0=0.047 mmol
BG/20 g NCT (1.11 mg/g). 1.12 mg/g was obtained due
to the evaluation of the BG adsorption by organic matters
in PPA method which shows a good closeness of the data.

(S2—S3) = (less adsorbed dye in the simultaneous process
compared to alone adsorption process which is equal to the
photodegraded dye) = 0.030 mmol NaOH/ 20 g in simulta-
neous adsorption and photodegradation process at pH of 6.0
= 0.015 mmol BG/20 g NCT (0.36 mg/g).

It has very little difference from 0.36 mg/g (obtained
from the test mentioned above which was done in the case
of alone nanoparticles). 0.38 mg/g is obtained in PPA test as
the BG photodegraded value in simultaneous process shows
a good closeness of the data.

While using NCT as P2, NPs stabilization by components
resulting from photodegradation and its effect on the adsorp-
tion of more dye, and also NPs agglomeration during AA
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process and its effect on decreasing the adsorption of dye
were investigated.

The NPs that had been stabilized in the SAP strongly
adsorbed the dye, and on the contrary, during the AA pro-
cess, the nanoparticles that had agglomerated and accumu-
lated in the AA strongly reduced adsorbing the dye. The
obtained products were used to determine the adsorbed BG
by TCA according to the mentioned AMI method. The quan-
tities obtained using P2 in a similar way to P1 are shown in
Fig. 4. As can be seen from Fig. 4, with the increase and
decrease in the share of nanoparticles in dye adsorption, the
share of organic substances of LP in NCT in dye adsorption
decreases and increases, respectively.

Synthesis of Fe;0, NPs-PPA and a-Fe,0; NPs-PPA
to determine the contribution of a-Fe,0; NPs
and Fe;0, NPs of NCT as P1 and P2 to adsorb BG
at pH =6.0 and confirmation of results by AMI
method

Fe—-O-O-H and Fe-O-H structures in the a-Fe,O; NPs
surface and Fe-O-H structure in the Fe;O, NPs surface as
well as more hydroxyl groups are observed, promoting the
adsorption performance since the process is mainly influ-
enced by complexation via coordination bonds (Liu et al.
2020) (Fig. 5(A1-3) and B). As can be seen from Fig. 5A2
and 3, each 3-phosphonopropionic acid (PPA) molecule has
two —OH groups which can attach to the hydroxyl groups on
the surfaces (Wang et al. 2016) such as of Fe;0, NPs sur-
face through the phosphonate groups to form strong covalent
bonds (Cedrowska et al. 2020).

Because a-Fe,0; NPs also have surface -OH groups, in
this study, the mentioned method is used to connect PPA
with a-Fe,O; NPs, in addition to Fe;O, NPs. 10.0 mL of
0.1 M NaOH was mixed with 30 mL of 20.0 mg/ml (3.89
mmol) of 3-phosphonopropionic acid (PPA) 3.0 min and
then was added to 1.00 g NCT as P1 and P2, separately. The
suspension was dispersed for 20 min in an ultrasonic bath,
and the treated NCT was separated from unreacted PPA by
filter paper and washed a few times with deionized water. At
last, the unreacted PPA was titrated by NaOH (0.010 M) to
obtain the used PPA and finally to determine —OH consumed
to adsorb BG.

It was found that —-OH groups of organic agents in LP
have no significant connection with PPA according to the
used titrant (NaOH) and the comparison between the initial
and residual PPA.

This state can be due to the low contact surface of com-
ponents with hydroxyl and high crowding of organic tissue
(compared to nanoparticles) in LP and also low penetration
of PPA into this dense tissue.
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Fig.4 A and B The mass balances and quantitative contribution of
BG removed by different substances of NCT during alone adsorption
(AA) and the simultaneous adsorption and photodegradation (SAP)
processes in batch unit at pHs of 4.0 and 6.0, and effect of separate

BG removal (by P2) E" Organic matters of LP
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Reduction of 77.0% despite no more agglomeration and stabilization of NPs than
the origin of this change: The determining role of photodegradation

and simultaneous synthesis of NCT with BG removal process (using
P1 and P2) on changes of contribution of BG adsorption and pho-
todegradation by different substances of NCT with the mean val-
ues+S.D. (n=3)
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Fig.5 Reaction between nanoparticles of NCT (a-Fe,O; NPs/ lemon
peel (LP)/Fe;O4 NPs in optimum form) and PPA (A1, A2 and A3),
and in a similar order and reason about permeability (in A1), between

Therefore, all PPA consumed in contact with NCT can be
considered due to connection with NPs of NCT.

Also, to determine the amount of reaction between
organic agents of LP containing —OH (such as alcohols
and cellulose) and PPA and the amount of titrant used for
unreacted PPA (after reaction between NPs of NCT and
PPA), under the same conditions, the same investigation
was carried out, separately for NCT (that contains both LP
and nanoparticles) and alone NPs. The difference between
the amounts of titrant used for these samples was used to

0-Fe203 NPs  Titration by NaOH

nanoparticles of NCT and BG before (in AA) and after (in SAP) pho-
todegradation (B)

determine the share of PPA that reacts with the LP and so
with NPs of NCT.

Fe;0, NPs and a-Fe,O; NPs have the positive charge due
to their —OH,* groups at pH of 6.0 and BG has the negative
charge due to its free pair electrons, so adsorption can be
happened between them. Therefore to evaluate the ability of
Fe;0, NPs and a-Fe,O; NPs to adsorb BG by NCT, NCT-
BG treated at pH of 6.0 was selected to study by 3-phos-
phonopropionic acid test, similar to the study of interaction
between cellulose and LBF alcohols with anhydride acetic.
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The difference between PPA used and the remaining PPA
in the solution after separating the solid matter containing
NCT (which determined due to titration by NaOH 0.01M)
shows the amount of PPA reacted with nanoparticles in
NCT. On the other hand, if nanoparticles by their -OH,*
groups adsorb BG™ at pH=6.0, the available positions of
nanoparticles to react with PAA are reduced, so that any
increase in the amount of NaOH consumed indicates a
decrease in the PAA attached to nanoparticles due to the
binding of dye molecules.

Immol NaOH = 1mmol PPA = 2 mmol —OH (of NPs) =
1 mmol BG™ (at pH=6.0, which is a share of -OH groups
of NPs as ~OH,*according to Table 1A).

The results showed that the used mmol of NaOH (0.010
M) for neutralization of free PPA was 0.061 mmol (6.1 ml);
for the bare NCT, it was 0.081 mmol (8.1 ml); for NCT-
BG as P1 due to the alone adsorption, 0.065 mmol (6.5 ml)
NaOH was obtained for NCT-BG as P1 due to the simul-
taneous adsorption and photodegradation process. As can
be seen, the consumption of NaOH mmol or actually the
unbound PPA in the alone adsorption process is more than
the other two cases, which indicates the maximum occupa-
tion of functional groups on the surface of nanoparticles by
the dye.

As expected, the amount of NaOH mmol consumed in
the case of the simultaneous process is less than the amount
in the case of the alone absorption process, which is due to
the destruction of part of the dye molecules and the impos-
sibility of attaching them to the nanoparticles. Instead, it
provides more possibility for PPA to bind nanoparticles.
As a result, less free acid remains, and NaOH mmol con-
sumption is reduced. Therefore, 0.020 (0.081-0.061) mmol
BG/20.0 g NCT as P1 or 0.49 mg/g was adsorbed on Fe304
NPs and a-Fe203 NPs in the alone adsorption (AA) pro-
cess at pH=6.0, due to reduction in the share of adsorption
of organic matter. Also, 0.016 (0.081-0.065) mmol BG/
20.0 g NCT as P1 or 0.38 mg/g (20.4% =0.38/1.86) did not
adsorb on Fe304 NPs and a-Fe203 NPs in the simultane-
ous adsorption and photodegradation (SAP) process and it
is photodegraded at pH=6.0.

In other words, 80.8% of BG removal at pH=6.0 (for 10.0
ml of 10.0 ppm/ 0.05 g or 2.0 mg/g) equal to 1.61 mg/g as
the BG removal value in alone adsorption (AA) process by
NCT as P1, 0.49 mg/g (30.4% =0.49/1.61) is removed due
to the adsorption on Fe304 NPs and a-Fe203 NPs, and so
about 1.12 mg/g (1.61 -0.49) or 69.6% BG™ is removed (was
confirmed by (CH;CO),0 test in Sec. 3.5 due to adsorption
on other agents in NCT including cellulose, alcohols of LBF
and tannin (BG™ adsorption on pectin is insignificant due to
its negative charge at pH=16.0).
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On the other hand, 93.4% of BG was removed at pH=6.0
(for 10.0 ml of 10.0 ppm/ 0.05 g or 2.0 mg/g) equal to 1.86
mg/g in the simultaneous adsorption and photodegradation
(SAP) process by NCT as P1, and 1.48 mg/g (1.86—0.38) or
79.5% (1.48/1.86) BG was removed due to adsorption on
Fe304 NPs, a-Fe203 NPs and cellulose, LBT and tannin.
Therefore about 0.38 mg/g (0.38/1.86=20.4%) was photode-
graded in the simultaneous adsorption and photodegradation
process. 0.36 mg/g was obtained by (CH;CO),0 test (AMI
method) that the closeness of the data is a suitable confirma-
tion of the investigation.

Since the amount of dye adsorption by alone nanoparti-
cles was obtained 0.12 mg/g; therefore, 1.36 mg BG/g NCT
as P1 (1.48-0.12) was adsorbed by cellulose, LBF and tan-
nin (without nanoparticles), in the simultaneous adsorption
and photodegradation process at pH=16.0.

To investigate NPs stabilization by components resulting
from photodegradation and its effect on the adsorption of
more dye and NPs agglomeration during AA process and
its effect on decreasing the adsorption of dye, after SAP and
AA processes using NCT as P2, it was done according to
the mentioned ways for P1. The quantities obtained for PPA
method using P2 are shown in Fig. 4. The obtained products
were used to determine the adsorbed BG by NPs according
to the mentioned PPA method. As can be seen from Fig. 4,
with the increase and decrease in the share of NPs in dye
adsorption, the share of organic substances of LP in NCT in
dye adsorption decreases and increases, respectively, which
was confirmed by AMI method (Sect. 3.4).

Based on these findings, it can be concluded that in AA
if the NCT synthesis is done simultaneously with removal
process (as P1), due to the decrease in the efficiency of NPs
and their agglomeration, less nanoparticles can be consumed
because the LP of NCT itself helps to more adsorption. In
SAP, simultaneous synthesis of NCT with dye removal (P2)
increases the ability of NPs due to their stabilization, and by
increasing the amount of nanoparticles used, more adsorp-
tion and removal efficiency can be achieved.

Also, according to these mass balances other molecular
components of LP in NCT are not effectively involved in
dye removal.

Kinetic and thermodynamic of BG removal in SAP
and AA by NCT as P1 and P2

For investigating the photocatalyst degradation ratio of BG
dye in SAP by NCT as P1 and P2, first- and second-order
kinetics is used in optimum situation. These models are
given by the following equations:
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Table 3 Kinetic constants of BG removal by NCT as P1 and P2 in
SAP and AA processes

Method and K1 (1/min)  R? K2 (L/mg.min)  R?
kind of NCT

AA by P1 0.152 0.723  0.823 0.992
AA by P2 0.172 0.786  0.923 0.998
SAP by P1 0.179 0.993  0.641 0.734
SAP by P2 0.253 0.998  0.762 0.812
ta( Y = k1 1

nl—|)=
C (D

Equation (1) is the first-order kinetic where the terms C,
(ppm), C, (ppm) and k1(1/min) sequential are initial dye con-
centration, the remaining concentration of dye after the
UV-C light effect and the first-order rate constant. A plot of

Ln<%> versus time represents a straight line, the slope of
which upon liner regression equals the first-order rate con-
stant (K ), which was obtained 0.179 1/min with R>=0.993
in the room temperature.

The second-order kinetic model is shown in Eq. (2):

1 1
Ee Eo = k2t )

The terms C,, (ppm), C,, (ppm) and k2(L/mg.min) sequen-
tial are initial dye concentration, the remaining concentra-
tion of dye after the UV light effect and the second-order
rate constant. A plot ofCLe - CLO versus time represents a
straight line, the slope of which upon linear regression
equals the second-order rate constant (K,) which was
obtained 0.641 1/mg.min with R>=0.734 in the room tem-
perature. So it follows the first-order kinetic model.

In alone adsorption (AA) process of BG by NCT, pseudo-
first-order [log(qe - qt) = Log(qe) - (2](—‘3)t] and pseudo-

! 1
second-order [— = -
4q; Kyq.*

q.=(Cy-C.)/m and g, are the adsorption capacity (mg/g) at
equilibrium and time of t, respectively. g.(exp) and g (cal)
were obtained 1.992 and 0.350 mg/g from pseudo-first-order
with R?=0.821, while obtained 1.992 and 1.980 mg/g from

+ qi] kinetic models were used and

pseudo-second-order model with R>=0.992. So it follows the
pseudo-second-order kinetic model. Table 3 shows that AA
in both using NCT as P1 and P2 is done according to the
second order, while SAP in both using NCT as P1 and P2 is
done according to the first-order kinetic model. On the other
hand, the kinetic constants using NCT as P2 are higher in
SAP due to their NPs stabilization.

The Eyring—Polanyi equation can describe the variance
of the rate of a chemical process with temperature (Zamani
et al. 2018). The linear form of this Eq. (3) is as follows:

k; AH\ 1 Kg AS
Ln(=L)=- _>_ LnoB , AS
n<T> (R T TR )

Ln|(k.h)/(Kg.T)] = —=(AH/R)1/T + AS/R @)

where k is the rate constant of first-order kinetic (é),
K = 1.38066 X 1072(J/K) is the Boltzmann constant,
R =8.314J/mol.K) is the universal gas constant,
h =6.626 X 10_34(J.sec) is the Planck constant,
andAH"(J/mol) and AS°(J/mol.K) are sequential changes of
enthalpy and entropy. The amounts of AH? and AS® were
determined from the slope and the intercept of the linear plot

of Ln<%> vs.l/T. The change of Gibbs free energy (AG®)

can be acquired via the Van't Hoff equation. The final con-
centration of BG dye (C, = 10mg/L) was calculated at
pH = 7 and different temperatures.

It shows that the processes of SAP (using both P1 and P2)
are exothermic (AH® <0) and the Gibbs free energy shows
the spontaneous process (AG®>0) with the decrease in dis-
order (AS® <0), unlike those of AA (Table 4).

The results of the two methods clearly show that high
endothermicity in the alone adsorption causes it to be non-
spontaneous, while in the simultaneous method, the presence
of the photodegradation strongly changes the heat exchange
and it changes to exothermicity, and finally the simultaneous
process becomes spontaneous. In the meantime, the thermo-
dynamic situation for the spontaneous dye removal process
becomes more favorable when the stability of nanoparticles
occurs in the simultaneous synthesis and removal process
(using P2 in SAP). Instead, the situation is more difficult for
when the accumulation and agglomeration occur in separate
synthesis and removal process (using P1 in AA).

Table4 Thermodynamic —  Nopodand R AH' (KI/mol)  AS® (KJ/mol.K) AGY (KN  AG'(KN/  AG(KJ/

results from the Eyring-Polanyi ;14 of NCT mol) (293 K) mol) (313 K) mol)

equation for BG removal by (333 K)

NCT as P1 and P2 in SAP and

AA processes SAPbyPl 0933 —1.659 ~0.265 75.985 81.285 86.585
AA by P1 0992  +10.936 +0.073 ~9.694 ~10.650  —12.126
SAPbyP2 0998 —3.452 ~0316 89.121 94214 103.521
AA by P2 0.988  +14.356 +0.089 11963 — 14254  —16278
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Table 5 The factors and results

: Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response 1
for the alone adsorption process
using NCT as P1 Run A:pH B:time C:Dose D:C, E.T Re
min g/L ppm °C %
Actual value Predicted value
1 4 10 5 10 20 72.3425 72.11
2 6 10 5 10 20 80.7912 80.45
3 7 10 5 10 20 83.8639 83.55
4 8 10 5 10 20 93.0494 92.38
5 10 10 5 10 20 92.3414 91.89
6 7 5 5 10 20 96.2158 96.38
7 7 10 5 10 20 94.7239 94.55
8 7 30 5 10 20 94.3039 94.56
9 7 60 5 10 20 93.4224 93.46
10 7 10 1 10 20 89.3253 88.79
11 7 10 3 10 20 94.6636 95.30
12 7 10 5 10 20 93.7239 93.55
13 7 10 10 10 20 94.8844 94.71
14 7 10 20 10 20 94.7904 94.78
15 7 10 5 5 20 90.0719 90.27
16 7 10 5 10 20 83.8639 83.55
17 7 10 5 15 20 88.1276 88.91
18 7 10 5 20 20 82.6914 82.33
19 7 10 5 40 20 80.2145 80.02
20 7 10 5 10 7 94.4919 94.55
21 7 10 5 10 20 95.7239 95.55
22 7 10 5 10 40 96.0719 96.55

Statistical modeling for simultaneous adsorption
and photodegradation, and alone adsorption

A response surface methodology (RSM)

In Table 5 (for alone adsorption process) and Table 6 (for
simultaneous adsorption and degradation process) for NCT
as P1, it can be noticed about the factors and results that is
fitted by the historical section of Design Expert 11.0. The
removal efficiency percent (%Re) of BG dye was considered
by ANOVA as a statistical idea, for investigating the effect of
the subjected factors and their interaction on dye adsorption
and photodegradation by NCT (Tables 7 and 8). By consid-
ering the F-value and p-value (that must be significant) and
the value of lack of fit (as a non-significant data), it can be
investigated that the chosen equation for the studied process
can be more suitable. For the adsorption process, the F value
of the model (88.81) with a very small p value (<0.0001)
and for the simultaneous adsorption and degradation pro-
cess, the F value of the model (112.32) with a very small p
value (<0.0001) infers that the model is significant and can
be used for studying the related between the variables. Also
the high coefficient of determination (R?) and the closeness

@ Springer

of the values of predicted R? to adjusted R (they should not
have more than 0.2 difference) in the both process indicate
that there is a high correlation between the experimental
values and predicted response (Samakchi et al. 2018). In
addition, the report of lack of fit without p-value can be
shown the closeness of the amount of central points. Also,
the adsorption and simultaneous adsorption and degradation
processes of the results are fitted with quartic (Eq. 5) and
cubic (Eq. 6) equations, respectively. It is shown as follows:

%Re =94.21 + 5.89A — 1.23B — 3.33C — 6.33D S
— 66.91 A% — 5.35C% — 10.68 BC® + 54.74 A% )

%Re =80.60 + 431A — 47.85E — 10.21 A% + 3.00 C*
— 14.35B2C + 14.19B*D — 11.81 A% + 8.03 B* + 66.02 E*
©)
where A is the pH, B is the contact time (min), C is the nano-
composite doses (g/min), D is the initial dye concentration

(ppm), E is the temperature (°C).

The insignificant effect for time and nanocompos-
ite dose is considered (g/L), according to the p value;
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Table 6 The factors and results

- . Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Response 1

for simultaneous adsorption and

degradation process using NTC Run A:pH B:time C:Cy D:T E:Dose Re

asPl min ppm °C g/L %

Actual value Predicted value

1 4 10 10 20 5 93.2721 92.94
2 6 10 10 20 5 93.3852 93.52
3 7 10 10 20 5 98.7232 98.65
4 8 10 10 20 5 95.2454 95.52
5 10 10 10 20 5 78.3012 78.94
6 7 5 10 20 5 83.5217 82.96
7 7 10 10 20 5 96.5212 95.65
8 7 15 10 20 5 97.5231 96.25
9 7 20 10 20 5 99.5412 99.02
10 7 10 5 20 5 98.5212 98.21
11 7 10 10 20 5 98.7232 97.65
12 7 10 15 20 5 93.2512 94.05
13 7 10 20 20 5 94.5123 93.42
14 7 10 30 20 5 95.2352 95.02
15 7 10 10 20 5 98.3252 95.65
16 7 10 10 40 5 99.1242 99.23
17 7 10 10 60 5 99.5212 99.81
18 7 10 10 20 1 63.2124 62.59
19 7 10 10 20 3 85.5212 86.05
20 7 10 10 20 5 98.5295 98.65
21 7 10 10 20 10 83.9852 83.27
22 7 10 10 20 20 99.2561 99.94

Table 7 The ANOVA tat?le for Source Sum of squares df Mean square F value p value

the %Re in alone adsorption

process using NTC as P1 Model 545.20 8 68.15 88.81 <0.0001 Significant
A-pH 77.02 1 77.02 100.37 <0.0001
B-time 2.15 1 2.15 2.80 0.1184
C-m 2.25 1 2.25 2.93 0.1107
D-CO 121.38 1 121.38 158.18 <0.0001
A? 74.74 1 74.74 97.39 <0.0001
C? 18.18 1 18.18 23.70 0.0003
BC? 12.66 1 12.66 16.50 0.0013
At 50.88 1 50.88 66.30 <0.0001
Residual 9.98 13 0.7674
Lack of fit 9.98 9 1.11
Pure error 0.0000 4 0.0000
Cor total 555.18 21

however, it can be noticed that these factors have signifi-
cant effect by the interaction with each others; therefore,

they are remained in the equation.

According to the p-value, it can be noticed that the
effect of pH is insignificant, but the significant effect for

the square and quartic of this factor is an acceptable rea-
son for considering the pH in the equation. Some of the
others statistical data for BG removal in alone adsorption
and simultaneous adsorption and degradation processes
are shown in Tables 9 and 10.

@ Springer



63 Page20of 23

Applied Water Science (2024) 14:63

Table 8 The ANOVA

table for the %Re in Source Sum of squares df Mean square F value p value
Silrlnultdaneozs adsorption and Model 1570.62 10 157.06 112.32 <0.0001 Significant
photodegradation process using
NTC as Pl A-pH 3.26 1 3.26 2.33 0.1550
B-time 118.50 1 118.50 84.74 <0.0001
C-C0o 18.60 1 18.60 13.30 0.0038
D-T 14.60 1 14.60 10.44 0.0080
E-m 652.64 1 652.64 466.73 <0.0001
A? 156.28 1 156.28 111.76 <0.0001
C? 9.60 1 9.60 6.86 0.0238
BC 69.43 1 69.43 49.65 <0.0001
A3 22.05 1 22.05 15.77 0.0022
E? 974.78 1 974.78 697.10 <0.0001
Residual 15.38 11 1.40
Lack of fit 15.38 7 2.20
Pure error 0.0000 4 0.0000
Cor total 1586.00 21
Table 9 Statistical data for %Re in alone adsorption process Re (%)
20
Std. dev 0.8760 R? 0.9820
Mean 95.46 Adjusted R? 0.9710
CV. % 09176 Predicted K> 0.7915 e
Adeq precision 35.4625
,’_1‘ 124 |
Table 10 Statistical data for %Re in simultaneous adsorption and o
degradation process 8
86 |
Std. dev 1.18 R? 0.9903 U
Mean 92.00 Adjusted R? 0.9815
CV. % 1.29 Predicted R 0.7876 48
Adeq precision 44.5520 )
\I\
! T T T
5 16 27 38 49 60

B Data interpretation for the adsorption process using NTC

The contour and 3D plots those are shown sequential,
noticing the effect of varying adsorbent dosage (g/L) and
contact times (min). The pH, initial dye concentration
and temperature were fixed at their center points (pH=7,
Cy=22.5 ppm and T=23.5 °C, respectively). As can be
seen from Figs. 6 and 7, the percent of dye removal (%Re)
increases with the increase in adsorbent dosage in the
lower times and with the decreases in adsorbent dosage
in the higher times. By increasing the adsorbent dosage,
the activated sites for adsorption will be increased; in the
other hand, desorption of dye from the adsorbent surface
can be the cause for decreasing this process.

@ Springer

B: time (min)

Fig.6 The contour plot for the interaction of adsorbent dosage (g/L)
and contact times (min) in the fixed points of pH="7, C;,=22.5 ppm
and T=23.5 °C for the alone adsorption process

The predicted data by RSM versus experimental data
for adsorption process are shown in Fig. 8. It is investi-
gated that the predicted and experimental data are in good
agreement with each other and it can be shown that the
RSM could successfully predict the removal percentage
through the adsorption process.
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Fig.7 The 3D plot for the interaction of adsorbent dosage (g/L) and
contact times (min) in the fixed points of pH=7, C;=22.5 ppm and
T =23.5 °C for the alone adsorption process

Predicted vs. Actual

Predicted

I ! I I I
80 85 90 95 100

Actual

Fig.8 Actual data obtained by experiments versus predicted data for
the alone adsorption process

C Data interpretation for simultaneous adsorption
and photodegradation processes

The interaction of time (min) and initial dye concentra-
tion (ppm) on this process is illustrated by the contour
and 3D plots which are shown sequential in Figs. 9 and 10
The pH, temperature and dosage were fixed at their center

Re (%)

30

25

20

C: Co (ppm)

15

10

I
5 8 1 14 17 20

B: time (min)

Fig.9 The contour plot for the interaction of contact times (min)
and initial dye concentration (ppm) in the fixed points of pH=7,
T=40 °C and dose=10.5 g/L for the simultaneous adsorption and
photodegradation process

points (pH=7, T=40 °C and dose =10.5 g/L, respectively).
The dye simultaneous adsorption and degradation process
increases during time with the lower amounts of initial dye
concentration, and it can be happened due to the cause of the
more effect of UV light in degradation process. Also in the
higher dye concentration, the more molecules movement can
be a motivation for adsorption process, and duo to the effect
of this process on the degradation, the removal efficiency
will be increased.

The predicted data by RSM versus experimental data for
adsorption process are shown in Fig. 11. It is investigated
that the predicted and experimental data are in good agree-
ment with each other and it can be shown that the RSM
could successfully predict the removal percentage through
the adsorption process.

D Optimal conditions for the alone adsorption (AA)
and simultaneous adsorption and degradation processes
(SAP)

In order to investigate the optimum condition of the param-
eters to obtain the maximum %Re during the adsorption
and simultaneous adsorption and degradation processes, i
the desirability function of the software is used, which was
set for the response of maximum (% 100) to achieve the
highest removal efficiency percentage (Habibzadeh et al.
2018). For the adsorption process, the highest dye removal
(% 99) was predicted under condition of pH=6.9, contact
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Re (%)

30 20
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Fig. 10 The 3D plot for the interaction of contact times (min) and ini-
tial dye concentration (ppm) in the fixed points of pH=7, T=40 °C
and dose=10.5 g/L for the simultaneous adsorption and photodegra-
dation process

Predicted vs. Actual

100 | -
90 ]
o
[
S 80|
o
o
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60 |
T T T T T
60 70 80 90 100
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Fig. 11 Actual data obtained by experiments versus predicted data for
the simultaneous adsorption and degradation process

time =19.3 min, dosage =6.2 g/L, initial dye concentration
(Cy) =6 ppm and temperature =23.5 °C. The maximum
experimental removal efficiency by this process was cal-
culated % 99.884.

In addition by the same software, the highest dye
removal (% 99.4) during the simultaneous adsorption
and photodegradation processes occurred in pH=7.6,

@ Springer

time =9.8 min, dosage =6.3 g/L, initial dye concentration
(Cy) =6 ppm and temperature =30 °C.

Conclusions

This study was carried out to consider the removal of BG
dye using the synthesized (a-Fe,O;NPs/lemon peel (LP)/
Fe;O,NPs) nanobiocomposite, simultaneously and sepa-
rately with the removal process during the simultaneous
adsorption and photodegradation, and alone adsorption
processes in the batch and fixed bed systems. The more
stabilization and agglomeration of NPs were studied due to
SAP and AA, respectively, for simultaneous synthesis and
removal process in the batch unit by XPS and TEM results.
It was confirmed for the first time that the highest total
removal and adsorption efficiency of a dye by a nanobiocom-
posite occur when the final stages of synthesis and growth of
its nanoparticles are accompanied by simultaneous adsorp-
tion and photodegradation (SAP) due to autocatalytic role
of small organic substances obtained from photodegradation
of BG in stabilization and higher efficiency of nanoparticles
of (a-Fe,O;NPs/lemon peel (LP)/Fe;O,NPs) in batch sys-
tem. So that adsorption of BG by NPs was increased sev-
eral times (713%) compared with that of separate synthesis
and removal. Also, the total removal of BG increased from
80.8% by the nanobiocomposite synthesized separately from
removal process in AA to 99.6% by the nanobiocomposite
synthesized simultaneously with removal process in SAP.
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