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The use of ferrite composites for waste water
purification from organic dyes
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The photocatalytic and sorption properties of the Cu—Zn-ferrite composites (FCs) were
studied spectrophotometrically during the purification of solutions from methylviolet MV,
methylene blue MB, and Congo red CR. It is shown that the first-order reaction is
observed throughout the entire time interval of the purification process when the mecha-
nism is changed from the predominant photocatalysis to adsorption within 3-5 h. The
purification efficiency (E) and activity of individual FCs vary depending on the type of
dye and the ferrite composition. The specific activity of FC is high when purified from all
dyes at a mass ratio of "FC-to-dye” n > 500. Optimal n varies within 700-1370. Anionic
character of CR reduces the purification efficiency E in comparison with MV and MB. The
reuse of FCs with a reduced E is advisable in the case of prolonged contact of FC with
colored solutions in sedimentation tanks. The mathematical model of the cleaning process
was created using the MATLAB application package (Toolbox subsystem). Optimization of
the total cleaning processes was carried out by deriving third-order regression equations
"E196n—time” with an extended range of optimal values of the process parameters.

Keywords: ferritic composite, organic dyes, photocatalysis, sorption, efficiency, mathe-
matical model.

Bukopucranaa ¢epHTHHX KOMIIO3HUTIB JJA OYHINEHHA CTIiYHMX BOJ Big opranigvHmx
6apBHuKiB. B.B.Jauenro, E.B.Xob6omosa, B.M.Konodaxrnuil, [J.0Jicin

@ororaranitTuuni Ta copbuitini BmacTuBocTi Cu—Zn-depurHux xommosuriz (PK) mo-
caimKyBaIy creKTpodoTOMETPUYHO IPY OUMIeHHI posunHiB Big merunsiosmery MB, meruie-
uoporo cunboro MC ta Komro uepeomoro KY. ITokasano, 110 peaxifif IepIIOrO MIOPAIKY
criocTepiraeThes Ha BCbOMY YaCOBOMY iHTepBaJIi Ipollecy ouYMINeHHA NIPU 3MiHi MexaHismy 3
nepeBasKkHOTO (OTOKATANidy Ha agcopbuifinuii mporaroMm 3—5 rogut. EdekTuBHicTh ounIeH-
ua (IE) ta axrtusHicTh oxpemux @K Bapimrorbes 3ajierkHo Bif Tumy 6apBHUKA Ta CKJIAZY
depury. ITuroma axtusHicts @K Bucoka nmpu ouwineHHi Bif yeix GapBHUKIB mpu mMacoBoMmy
crieeiguomenni "@K:6apeauk” n > 500. OntumanbHe n Bapiioe B mexxax 700—1370. Anion-
uuii xapaxrep KUY sumxye edexrusHicTs ountnenus nporu MB i MC. IToBropue BuKOpuUC-
rauasa @K iz sHmKeHow BenmuuHoi E pouinsHo mpm TpuBasomy xouragti @K is sabapsie-
HUMU pPO3UMHAMU Y Biferifinukax. MaremaTnuyna Mofesb Ipoliecy OUYUINEHHS CTBOPIOBAIACS
sa ponomororo nmaxery npurigagHux nporpam MATLAB (mixcucrema Toolbox). Onrumisariis
CYyMApHUX MIPOLECiB OUUINEHHS IPOBOAUJACH IIIJISAXOM BUBEJEHHS PiBHAHL perpecii TpeTboro
nopaaky E-n—dac” 3 pOSIIMPEHWM [Aiama3oHOM ONTUMAJIBHUX 3HAUEHb [apaMeTpis
nporecy.
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1. Introduction

Creation of low-waste cycles is the ur-
gent task of chemical technology. This ap-
plies to technological processes with the for-
mation of colored wastewater. Recently, the
use of oxide and ferritic materials has been
intensified for adsorption purification [1-5]
and photocatalytic degradation of dyes up
to photo-mineralization [1, 6-11]. The main
task is to achieve high efficiency of photo-
catalytic processes using nanomaterials. For
example, as was shown for TiO, [12], addi-
tions of the p-type semiconductor CdO [13]
and Cu(ll) affect the band gap of the base
material, expanding the light-absorbing
ability of TiO, into the visible region [14,
15]. The activity of photocatalysts depends
on the type of anions in the solution. Sul-
fate ions have a double effect: they cause
colloidal instability and reduce the surface
contact between the dye and the photocata-
lyst [16]. On the other hand, they enhance
the photodegradation of dyes under UV ir-
radiation [17], and increase the ionic
strength of the solution, which leads to an
increase in photocatalytic efficiency [18].

Optimization of the photocatalyst dose
for efficient removal of dyes is topical. The
dose depends on the morphology of the pho-
tocatalyst particles, the radiation intensity,
the type of dye and the degree of its adsorp-
tion. The adsorption of dyes on the TiO,
surface extends the absorption spectrum
from UV to the visible range [19]. However,
with an increase in the catalyst dose, the
adsorption of dyes increases greatly, the
layers of dye molecules screen the surface
and reduce the intensity of photocatalysis.
As the catalyst mass increases, the rate of
photo-processes first increases and then de-
creases [20].

The aim of the work was to study the
efficiency of purifying the solutions from
dyes depending on the type of dye, the com-
position of the Cu-Zn-ferrite composite (FC)
and its repeated use; create a mathematical
model of the purification process.

2. Experimental

FCs based on copper and zinc ferrites
were obtained by coprecipitation from cop-
per-zinc solutions, which are waste products
of galvanic production. A similar approach
to processing waste was used by the authors
earlier in the production of technically use-
ful galvanic sludge [21]. The synthesis of
FC was carried out by heating with pH 10-
10.5 in two versions: 1) with addition of
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FeSO,47H,O and further introduction of
oxidizing agents O, (FC-O was obtained),
H>O, (FC-PH), K;S,05 (FC-PDS) [22-24]; 2)
by the introduction of Fey(SO,);, Na,SOz
with simultaneous oxygen saturation (FC-
FS). FC samples were washed from soluble
impurities. The mineral and elemental com-
position of FC was calculated taking into
account the free phases of CuO, Cu,O and
F6203: FC-O — Zn0_875CUO_1Fe4_4204 [28],
FC-PH — Zn0_98CUO_37Fe3_6604 [23], FC-PDS
— 2Ny 66CUg 48F€3 7704 [22], FC-FS —
Zn3 25C U4 gFe7 2304 [24].

Photocatalytic and sorption properties of
FCs were studied during the purification of
aqueous solutions from dyes: methyl violet
MYV, methylene blue MB (cationic dyes), and
Congo red CR (anionic dye). Dye concentra-
tions were determined spectrophotometri-
cally on a SPEKOL 11 spectrophotometer at
wavelengths of A =620 nm (MV, MB) and
A =500 nm (CR). Purification of aqueous
solutions from dyes was carried out in a
static mode for 1-96 hours. The change in
the rate of the dye conversion process in
time "C—-time” was determined at various
mass ratios n = "FC:dye” (mg : mg); as
well, the dependence of the efficiency E of
the process of purifying the solution from
the dyes and the mass of the converted dye
per unit of FC mass a (FC specific activity)
were established. The quantitative indica-
tors of the process are calculated using the
following formulas:

(Cp— €100

E= CO s /0

_Co =GV,
a
m b g’

where: Cj is the initial concentration of the
dye in the solution, 10 mg/L; C, is the con-
centration of the dye at a certain point in
time, mg/L; V is the volume of the solution,
L; m is the mass of ferrite, g.

3. Results and discussion

Sorption and photocatalytic properties
of FC. The obtained FCs have a number of
characteristics that make it possible to ex-
hibit photocatalytic and sorption activity:
nanocrystallinity, the corresponding min-
eral composition with the presence of fer-
rite phases of the general formula Zn,Cu,.
Fe,O4 including the semiconductors ZnOy,
Fe,O;3 and CuO. The band gap of ferrite
phases can change significantly with a
change in the content of transition metals
Cu and Zn [13], as shown in [6] for Zn. The
band gap is also affected by the average
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Fig. 1. Dependence of 1gCyy on time when
using FC-PH with n = 1000.

crystallite size, deformation and the lattice
parameter, phase purity, and concentration of
charge carriers. The presence of SO42~ ions
in the solution leads to their adsorption on
the FC surface. The interaction of SO42~ with
the holes in the valence band produces a very
strong oxidizing agent SO4~ with a long half-
life and high selectivity for the oxidation of
organic pollutants in a wide pH range [18,
25]. Apparently, FC exhibit photocatalytic ac-
tivity already during the first hours of con-
tact with dye solutions. The change in the dye
concentration with time, presented in
semilogarithmic coordinates (Fig. 1), indi-
cates that, if the first order of the reaction is
observed, the mechanism of the process
changes after 3—5 h for all values of n. Sec-
tion I corresponds to a rapid decrease in the
concentration of the dye during photocata-
Iytic transformations, section II shows the
course of adsorption. The value of the oxygen
concentration Cgy, determines the maximum
amount of dye that can be adsorbed by FC at
a given n.

Efficiency of purifying solutions from
dyes when using FC. The quantitative as-
sessment of the process of purifying solu-
tions from dyes was carried out according
to the values of a and E after 96 h (Fig. 2).
The results (Fig. 2, curves 1, 3, 5, 7) show
that all FCs are characterized by a high a in
the processes of purification of solutions
from dyes. The specific activity of FC in
terms of dye conversion is different (Fig.
2a—c). The value of a from FC-PH (curve 1)
and FC-O (curve 3) is greater than from
FC-PDS (curve 5) and FC-FS (curve 7). Fer-
rite composites are characterized by high
values of @ when removed from all dyes at
n >500. The "a — n” dependences are char-
acterized by two sections with different
slope angles. With an increase in the weight
of the FC sample in the first section (interval
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Fig. 2. Dependence of the specific gravity of
the converted dye by ferrite composites a
(curves 1, 3, 5, 7) and the efficiency of the
process of purification of solutions E (curves
2, 4, 6, 8) on the dyes MB (a), MV (b), and
CR (c¢) in the presence of FC-PH (curves 1,
2), FC-O (curves 3, 4), FC-PDS (curves 5, 6)
and FC-FS (curves 7, 8) depending on n.

n = 500-1000), a sharp decrease in a occurs
during purification from SM, MB, and CR
using FC-PDS and FC-O. At n = 1000-2000,
the decrease in ¢ is smoother and ends with
the stabilization of the process.

In the purification of MB and MW solu-
tions with different n, for FC-PDS and FC-
FS the values of E and a exceed these val-
ues for the case of purification of the solu-
tion from CR (Fig. 2a—c, curves 5, 7). When
purifying the solution from MB using FC-
PDS, this excess is 1.8-3.4 times; upon pu-
rification from MYV, it is 1.8-7.9 for FC-
PDS and 1.8-1.9 for FC-FS.

One of the optimal process conditions is
n > 500 (Fig. 2). In this case, when purify-
ing solutions from MV with FC-PH and FC-
O composites, the purification efficiency of
is 99-100 % with the highest value of a =
1.9 mg/g. When water is purified from MB
with FC-PH, E = 98-99 % (n = 100-5000);

Functional materials, 29, 3, 2022
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Table 1. Optimal ranges of mass ratios n

n n=x10 % n n=x10% n n=x10%
FC-O 770 693-840 710 639-781 700 630-770
FC-PH 800 720-880 720 648-792 740 666—-814
FC-PDS 1370 1283-1507 700 630-770 1000 900-1100
FC-FS - - 780 702—-858 780 702—-858
with FC-0, E = 90-96 % (n = 1000-5000); 100 | e
with FC-PDS, E = 90 % (n = 5000). The ef- w "
ficiency of purifying the solution from CR /s / =
when using FC-PH and FC-O, respectively, £ "//4 22 —
is 98-99 % (n = 2000-5000) and 85 % (n =  « / -~
3

5000); while with FC-PDS and FC-FS, rela-
tively low values of purification were ob-
served: 55 % (n = 5000) and 66% (n =
2000), respectively.

The synthesized FCs are most effective
in the purification of solutions from MB
and MV dyes (Fig. 2a, b); FCs are less effi-
cient in the removal of CR (Fig. 2¢). In the
latter case, the decrease in E can be ex-
plained by the fact that CR is an anionic
dye, while MB and MV are cationic. The
electrostatic repulsion of the CR anion from
the negatively charged surface of ferrites
with a large number of OH-groups inhibits
the conversion of CR into possible photo-
catalytic processes and adsorption.

The mass of FC significantly affects the
efficiency of purifying solution from dyes.
With a lack of FC, a high E cannot be
achieved due to insufficient removal of the
dye from the solution in any physicochemi-
cal processes. An excess of FC does not
bring significant benefits in terms of in-
creasing E with a simultaneous overcon-
sumption of ferritic material. In this re-
gard, it is important to determine the opti-
mal value of n, at which a high degree of
purification of solutions from the dye and a
large mass of the convertible dye per unit
mass of FC is achieved. In Fig. 2 the points
of intersection of the curves "E — n” and "a
— n" correspond to this. Table 1 shows the
optimal intervals of n when purifying solu-
tions from dyes. The values of n indicated
in Table 1 can be recommended for the prac-
tical use of composite materials based on
copper-zinc ferrite as reagents for cleaning
solutions from organic dyes.

Reuse of FC in the process of colored
water purification. A comparison was made
of the purification efficiency E of an aque-
ous solution of MV in time (Fig. 3) before
(curves 1-4) and after reuse (curves 1'—4")
of FC samples. With repeated use of FC, the
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Fig. 3. Dependence of the efficiency of puri-
fication of the MV solution on time at n =
1000 for the initial (curves 1-4) and reuse
(curves 1’-4") FC: 1, 1’ — FC-PH; 2, 2" —
FC-0O; 3, 3 — FC-PDS; 4, 4 — FC-FS.

efficiency E (curves 1’—4") decreases in com-
parison with similar indicators for the in-
itial use (curves 1-4). The course of the
curves "E—1" (Fig. 3) for different FCs dur-
ing initial use (curves 1-4) has an S-shaped
character with a plateau. The maxima of a
and E values: a = 0.98 mg/g, E = 98 % for
FC-PH (curve 1) and for FC-O (curve 2)
were noted after 2 hours; a = 0.99 mg/g,
E =99 % for FC-PDS after 48 hours
(curve 8); a=0.89 mg/g, E=89 % for
FC-FS after 5 hours of exposure (curve 4).

With the repeated use of FC in an aque-
ous solution of MV, the course of the "E—1"
curves is smooth over the entire time inter-
val (curves 1'—4"). For all FC, a gradual E
increase in time is observed. These indica-
tors reach the maximum values after
24 hours of FC exposure in solutions with a
dye: E =76 % for FC-O (curve 2) and E =
21 % for FC-PDS (curve 8’); after 48 hours
of exposure: E = 61 % for FC-PH (curve 1)
and E = 33 % for FC-FS (curve 4’). In com-
parison with the initial use, the repeated
use of FC reduces the efficiency of purifica-
tion of an aqueous solution of MV by a
factor of 2-4 and increases the time of
reaching the maximum E by a factor of
10-24 (with the exception of FC-PDS).

A possible explanation for the decrease in
the efficiency of the FC action can be the
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Table 2. Regression equations "E-n—1"

Dye FC Regression equation N

MV FC-O | E=17.815+ 1.7861 + 0.06714n — 0.014247% - 0.00026911tn — 2.591.10 52 + | 1
1.863:10 %12 + 5.263-10 %tn? + 2.906-10 %n3

FC-PH E=10.4+ 1.787t + 0.06014n — 0.0156t2 — 0.000473tn — 2.169-10 512 + 2
3.75-10 %25 + 1.599-10 8tn? + 2.322.10 %18

FC-PDS E =20.8 + 5.612t + 0.0618n — 0.31777t2 + 0.002477tn — 2.69-10 °n2 - 3
1.526:107%12n — 2.625.10 "tn? + 3.18.107 9,3

FC-FS E =14.56 + 3.9287 + 0.04291n — 0.222412 + 0.001734tn — 1.883-10 %n2 — 4
1.068-107512n — 1.838-10 "tn?2 + 2.191.107° 9,3

MB FC-O E=22.67+ 21— 0.02173n — 0.020817% + 0.0002241tn + 1.007-10 %n2 + b
1.545-10 %121 — 5.869-10 8tn? - 1.112:10 %3

FC-PH | £ =16.94 + 0.497t + 0.0187n — 0.004372 + 0.000478tn — 4.893n2 — 2.922.10~ | 6

612 - 3.096-10 8tn2 + 3.91.10 1953

FC-PDS |E = 56.74 — 0.67981 — 0.05555n + 0.00455 t2 + 0.0008003tn + 2.089-10 °p2 — | 7
2.968.10 %12 — 7.182:10 81tn? - 2.10 %8

CR FC-O

E =4.852 + 0.5597t + 0.01044n — 0.002677t2 + 0.0003149tn — 4.928-10 62 —| 8
2.892:10 %72 + 3.241-10 %tn2 + 6.54.10°10,3

FC-PH |E = 1.147 + 0.39857 + 0.01329n — 0.00249972 + 0.0006791t — 5.232:10 2 - | 9
4.8371-10 %t%2n — 4.265-10 8tn? + 6.911-10719,3

FC-PDS| E = 7.297 + 1.08t — 0.001011n — 0.01227t2 - 8.127-10 %tn — 1.655:10 5,2 + |10
3.21510 %¢2n — 2.814-10 81tn? + 3.153.10719,3
FC-FS | E = 26.14 + 0.94251 + 0.00983n — 0.01108t2 + 0.00011921tn — 7.532:10 %x2 + |11

1.477.107"12p — 2.14.107%tn2 + 9.911.1071043

screening adsorption of dyes. Initially, a mono-
molecular adsorption layer of the dye is formed
on the FC surface, then a polymolecular one.
The adsorption process slows down, and desorp-
tion of the dye from the FC surface begins.
Therefore, with repeated use of FCs, the effec-
tiveness of their action decreases.

The obtained results on the decrease in
the efficiency of purification of colored wa-
ters using ferrite composites are not an ob-
stacle when the time factor is not critical; it
is also possible to use FC in settling tanks
or other wastewater tanks for a longer time.

Mathematical modeling of the processes
of purifying colored waters by using FC.
For the mathematical description of the
total effect of all processes occurring dur-
ing the purification of water from the MV,
MB and CR dyes with the help of FC, the
software package MATLAB and its Toolbox
subsystem (mathematical package) were
used — a set of specialized mathematical
functions that were used to optimize sys-
tems. The least squares method was used to
construct the third-order regression equa-
tions for the T"E-n—t" dependencies
(Table 2) with an extended range of optimal
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values of n and 1. Equation coefficients were
obtained with 95 % probability. The regres-
sion equations make it possible to calculate
the efficiency of purification from all dyes by
using all synthesized FCs at any moment of
time at a fixed "FC-to-dye™ mass ratio.

Figure 4 is a graphical representation of
one of the dependencies.

4. Conclusions

The purification of aqueous solutions
from MV, MB, and CR organic dyes is due
to the simultaneous occurrence of photo-
catalytic processes and adsorption of dyes
on the surface of Cu-Zn-FC.

The efficiency of purifying the solutions
from dyes and the specific activity of indi-
vidual FCs vary depending on the type of
the dye and the composition of ferrite. FCs
are more efficient in the purification of so-
lutions from MV and MB than from CR.
The optimal mass ratio "FC-to-dye” varies
within the range of 700-1370.

Ferrite composites lose their efficiency
when reused, the cleaning process slows
down, but their use is advisable in cases
where the time factor is not critical, and

Functional materials, 29, 3, 2022
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Fig. 4. Graphic representation of the depend-
encies "E-n—1" (Table 2): a — 6; b — 7.

there is a possibility of a longer exposure of
colored wastewater in contact with ferrite
in sedimentation tanks.

With the help of mathematical model-

ing, the regression equations for the de-
pendence of efficiency of the purification
process on time and mass ratio "FC-to-dye”
were derived, which make it possible to de-
termine the optimal process conditions.
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