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ABSTRACT

The processing of gemstones, mainly the dyeing step, generates a high volume of wastewater
containing a high concentration of Rhodamine B. This wastewater is potentially toxic and contains
non-biodegradable substances. For this reason, it is necessary to develop methodologies to treat
this type of wastewater. Therefore, in this work, a sequential process of electro-Fenton conjugated
with adsorption were developed to treat this type of wastewater. The gemstones dyeing wastewater
presented between 735.5 and 1,943.0 mg L of Rhodamine B. Firstly, the electro-Fenton process
was applied, and removal superior to 65% of the RhB concentration were observed. Subsequently,
adsorption was applied using a strong cationic resin at a pH of 2.0. In this condition, the adsorp-
tion capacity predicted by the Langmuir model was 247.3 mg g™. The breakthrough curves were
inclined with a suitable mass transfer zone. The sequential process of electro-Fenton and fixed-bed
adsorption were able to remove 100% of the RhB from the gemstones’ wastewater, being an effective
alternative to treat this type of effluent.

Keywords: Advanced oxidative process; Agate dyeing; Ion-exchange; Non-conventional treatment;
Real wastewater

1. Introduction To achieve the colors red and pink, the gems are immersed
in solutions containing alcohol and Rhodamine B dye
(RhB). After few days, the gems are washed, producing
approximately 20 L of wastewater per kg of colored gem.
The concentrated color and the non-degradable nature of

In the gemstones’ industry, the process of dyeing is
performed to aggregate commercial value, and it is real-
ized in basically every produced and commercialized gem.
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this wastewater constitute serious environmental issues
[1]. Normally, physical, physicochemical, and chemical
oxidation with sodium hypochlorite are applied in the
treatment of wastewater from gemstones. These processes
have the inconvenience of generating a large volume of
sludge with dangerous characteristics and is associated with
the formation of chlorinated compounds in effluents [2].
Moreover, the recalcitrant effect of dyes and no-completely
mineralized substances cause a reduction in efficiency of
wastewater conventional biological treatment systems [3].
In this way, many studies have been carried out to propose
solutions to the treatment of effluents containing dyes.
For the removal of RhB, it can be mentioned, for example,
adsorption [4], sonication [5], electrolysis, including electro-
Fenton [6], photocatalysis [7], membrane separation pro-
cess [8], and ionic exchange [9]. However, the majority of
these papers presented in literature have been done with
synthetic aqueous solutions and/or low RhB concentra-
tions. So, it is difficult to apply in real gemstones effluents,
where, there are other compounds, including salts, ethanol
and detergents [3], and RhB is highly concentrated.
Advanced oxidative processes are an effective alter-
native in the degradation of effluents with toxic fillers,
including dyes like RhB. They have characteristics that
make them clean technology due to the non-generation
of sludge or phase transfer of the pollutant [10]. The tech-
nology is based on the generation of free radicals, espe-
cially the hydroxyl radical (*OH) of high oxidizing power.
One way to generate the hydroxyl radical is through the
Fenton reaction. It uses hydrogen peroxide (H,0,) in the
presence of catalysts, including O,, UV radiation, and iron
salts [11]. In the electro-Fenton process, the H,O, genera-
tion occurs by the hydrolysis of water in dissolved oxygen
medium. Alternatively, the production of iron may be due
to the decomposition of the anode. These reactions are
demonstrated according to Egs. (1) and (2), respectively [6].

O* +2H’

(®) (aq) 2e > HZOZ(aq) (1)

Fe?s) -2 — Fe(za*q) )

One of the problems with the electro-Fenton process is
the energy cost of pollutant degradation, especially at low
concentrations. For example, Nidheesh and Gandhimathi
[12] verified an energy consumption of approximately
50 kWh per kg of removed RhB of a 50 mg L™ aqueous
solution. Moreover, in several cases, the removal of pol-
lutants from effluents after advanced oxidation processes
was not completely, with the need for complementary
treatment methods [13]. For these reasons, recent works
have used the adsorption coupled to the electro-Fenton
process to complementary removal of dyes and other
substances [13-16].

Adsorption is one of the most effective methods for the
removal of water-soluble substances, even at low concentra-
tions. Low energy requirement, the absence of by-products
with greater toxicity, and the capacity of regeneration of
adsorbents are considerable attractive in its favor. It is
applied to remove dyes present in the water of different

industries, including textile [17], pulp and paper [18], tan-
nery [19], and food industries [20]. For the correct analysis
and scaling of the adsorption system, the determination of
equilibrium curves and adsorption dynamics in fixed bed
is necessary [21]. The recent literature reports few studies
with electro-Fenton and adsorption, used individually or
conjugated, for the removal of dyes present in real wastewa-
ter. Most studies use aqueous solutions and usually at concen-
trations much lower than those observed in real wastewater.

Therefore, the present work aims to propose an effi-
cient, economically and environmentally sustainable pro-
cess for the treatment of effluents containing Rhodamine
B (a sequential process of electro-Fenton and adsorption),
in particular of the dyeing of semi-precious stones. For this
purpose, the treatment of real gemstones dyeing wastewater
was firstly performed using electro-Fenton process, where
the conditions were optimized by multi-response surface
methodology. Subsequently, adsorption was applied. For the
adsorption study, different adsorbent materials were eval-
uated, equilibrium curves were constructed and dynamic
tests in fixed bed column were performed.

2. Materials and methods

2.1. Collection and characterization of gemstones dyeing
wastewater

The wastewater samples, containing the dye RhB, from
the gemstones processing were supplied by a company
located in the north region of Rio Grande do Sul, Brazil.
Three samples were collected from the agate wash step
after they were dyed. The wastewater from the first sample
was used to experimental execution of this work. The waste-
water characteristics and characterization methods are
presented in Table 1. RhB concentrations were determined
by spectrophotometry at 554 nm [6]. Other characteriza-
tion methods were performed according to the Standard
Methods for the examination of water and wastewater [22].

2.2. Electro-Fenton process

The electrolytic system was composed of a cylindri-
cal reactor 85 mm of diameter and 150 mm height (work-
ing volume of 500 mL). A pair of electrodes, a commercial
steel cathode and titanium coated with ruthenium oxide
(Ti/RuQ,) anode (De Nora, Brazil), were arranged vertically
and distally at 10 mm. The projected area of the anode was
0.001182 m?. The electric current supply was realized under
galvanostatic conditions (constant current) through a source
of continuous current (Dawer, FSCC 5002D). Between
the electrodes, air was injected at a flow rate of 0.3 L min™".

Electro-Fenton (EF) process was evaluated using a
response surface methodology using a central compos-
ite design (CCD) [23]. The variables evaluated were the
current density (X,), pH (X,), and Fe**concentration (X,) on
the removal of RhB (R, Eq. (3)) and specific energy cost (CE,
Eq. (4)). The real and coded levels of the CCD are described
in Table 2 (in the Results section). The pH of the wastewa-
ter was adjusted using HCI or NaOH (0.1 mol L™). Fe* was
added to wastewater from a 100 mg L™ solution of Fe,SO,.
Experimental conditions were defined according to the
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Table 1

Physical-chemical characterization of gemstone wastewater containing RhB

Parameter First sample Second sample” Third sample* Method

COD (mgL™) 10,113.0 £ 597.8 13,280.0 = 60.7 5,511.1+155.3 5,2207

rH 3.30+0.01 2.08+0.01 3.24+£0.03 4,5007

RhB concentration (mg L) 1,943.0 £ 46.5 1,793.3 £30.3 7355+2.8 Spectrophotometry at 554 nm*
Turbidity (NTU) 35,000 + 264 49,733 + 901 38,150 + 1,420 2,1307

Color (hazen) 2,693.0+116.6 3,200.0 +200.0 3,703.3 +116.7 2,1207

“Mean # standard deviation, n = 3; "Sample used in the experiments; ‘Tian et al. [6]; “APHA [22].

Table 2

Design matrix of CCD for current density (X,), pH (X,), and Fe* concentration (X,) and observed responses to RhB removal (R, in %)

and specific energy consumption (CE, in kWh kg)*

Experiment X, (Jin Am™) X, (pH) X, ([Fe*]ing L™ R (%) CE (kWh kg™)
1 -1 (100) -1(2.0) -1 (1.0) 66.31 1.64
2 +1 (150) -1(2.0) -1 (1.0) 64.73 2.98
3 -1 (100) +1 (3.0) -1 (1.0) 54.07 2.81
4 +1 (150) +1 (3.0) -1 (1.0) 58.59 4.84
5 -1 (100) -1(2.0) +1(1.5) 60.78 1.95
6 +1 (150) -1(2.0) +1(1.5) 63.45 3.59
7 -1 (100) +1 (3.0) +1(1.5) 56.79 2.33
8 +1 (150) +1 (3.0) +1(1.5) 49.08 5.02
9 0 (125) 0(2.5) 0(1.25) 58.81 2.82
10 0 (125) 0(2.5) 0(1.25) 56.82 2.68
11 0 (125) 0(2.5) 0(1.25) 56.89 291
12 -1.68 (83) 0(2.5) 0(1.25) 53.12 2.19
13 +1.68 (167) 0(2.5) 0(1.25) 60.25 5.81
14 0 (125) -1.68 (1.66) 0(1.25) 61.21 1.86
15 0(125) +1.68 (3.34) 0(1.25) 46.22 5.72
16 0 (125) 0(2.5) -1.68 (0.83) 55.14 3.33
17 0 (125) 0(2.5) +1.68 (1.67) 57.80 3.01

[RhB],=1,793.3 + 30.3 mg L; The values given in parentheses are the experimental conditions used in each experiment.

literature [12,24] and preliminary experiments (data not
shown).

R_(C‘)C_Cf)xmo 3)
CE< [i-v-adt @
_(Co_cf)'vt

where C, and C, are the initial and final chemical oxy-
gen demand (COD) concentration (kg m=), i is the current
intensity (A), V is current tension (V), and V, is the effluent
treated volume (m?). The integral of Eq. (2) was graphically
solved considering measurements of i and V at intervals of
5 min [25].

The responses (R and CE) were evaluated using vari-
ance analysis (ANOVA) using an F-Fisher test, relating

the variance of treatments and the variance experimental.
The null hypothesis was rejected when the probability of
type I error was inferior to 15% [26]. Operations conditions
were determined by multi-response optimization using
Derringer desirability function, according to Montgomery [23].

2.3. Adsorption experiments

Adsorption experiments were performed in three dif-
ferent stages, using the effluent treated by the optimized
conditions of the electro-Fenton process and an aqueous
solution containing only RhB dye (analytical degrees, Vetec)
in the same concentration that electro-Fenton effluent.

e Initially the effect of pH 2-9 on the adsorption capac-
ity of three different commercial adsorbents (activated
carbon (Vetec, Brazil), strongly acidic ion exchange resin
(Purolite, SSTPPC60H, Netherlands), and weak basic
acidic ion exchange resin (Purolite, PPA100Plus) was
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verified. For this, the pH of 50 mL of electro-Fenton
effluent was corrected with HCI 0.1 mol L and NaOH
0.1 mol L and added to 0.25 g of each adsorbent (in the
case of SA resin are used 0.05 g). The flasks were agi-
tated in an orbital shaker (Tecnal, TE421, Brazil) at 25°C
and 100 rpm for 24 h. After this, RhB concentration was
determined in the liquid phase and expressed in adsorp-
tion capacity according to Eq. (5).

C -C.|V
q=7( - wf) )

where C and C, are the initial and final concentration of RhB
in the liquid phase (mg L), V is the solution volume (L) and
w is the mass of adsorbent (g).

* Subsequently, the equilibrium adsorption isotherms
were obtained for the adsorbent and pH selected in
the previous step. These steps were performed with
the effluent containing RhB previously treated by
electro-Fenton process and, in parallel, with synthetic
aqueous solutions. The equilibrium adsorption were
performed by batch experiments. The adsorbent mate-
rial (0.05-0.5 g, dry basis) was added to 50 mL of RhB
solutions (real or synthetic) and the system was stirred
in an orbital shaker at 100 rpm and 25°C. The samples
were analyzed after 24 h interval and equilibrium
was reached when the liquid phase dye concentration
showed a variation coefficient inferior to 5% in three
consecutive measures [27]. The adsorption capacity
(9,) was determined by Eq. (5), for final concentration
change to equilibrium concentration.

® Lastly, the breakthrough curves were obtained through
a fixed bed column built-in stainless steel, with an internal
diameter of 25 mm and length of 50 mm, attached to
an infusion pump (Braun brand, Infusomat, Germany).
The RhB solutions were poured in the upward direc-
tion through the adsorbent bed at 5, 10, and 15 mL min™.
The outlet RhB concentration (C,) was verified in gaps
between 5 and 30 min, as needed, being expressed in
relation to the initial concentration (C,) as a time func-
tion. The breakthrough time (¢,) was defined as the con-
centration of the column output was greater than 1% of
the input concentration value (C/C, = 0.01). Length of
unused bed (LUB) and volume of treated effluent (V)
are calculated according to Egs. (6) and (7):

LUB = (1—?JL (6)

e

V,=t0Q (7)

where ¢, is the exhaustion time (at C/Co =1, in min), L is
the bed length (0.05 m), and Q is the flow rate (L min).

After, defining the conditions of operation in a fixed bed
an experiment was carried out increasing the bed length
to 300 mm. The experiment was conducted to the break-
ing point. The effluent was collected and characterized for
comparison with the gemstones’ wastewater.

2.4. Data analysis of the adsorption isotherms and breakthrough
curves

The equilibrium data were compared to the Langmuir
and Freundlich isotherm models [27], according to Egs. (8)
and (9), respectively:

quLCr
- 8
% 1+k,C, ®)
1
q. =k.C; ©)

where g, is the adsorption capacity at equilibrium (mg g™),
C, is the equilibrium concentration at the liquid phase
(mg L7), g, is the maximum adsorption capacity (mg g™),
n (dimensionless) is the heterogeneity factor, k, (L mg™)
and k, (mg®"" LYg) are the constants of the Langmuir
and Freundlich models, respectively.

The breakthrough curves were correlated to the Thomas
and Wolborska models [28], according to Egs. (10) and (11):

S ! (10)
o 1+exp[kﬂ“q°w—kThC0t]
Q
Cf_exp("w 1y "wz] (11)
0 0 vz

where C; and C, (mg L) are the feed and outlet RhB
concentrations of the column in any time, respectively, w
the mass of adsorbent (g), Q the operation flow (L min™),
k, and k_ are the kinetic constant of the Thomas and
Wolborska models (L mg™ min™), g, the stoichiometric capac-
ity of the bed (mg g™), z is the bed length (m) and v, is the
interstitial velocity (m min™), and ¢ the operation time at
which the sample was retrieved (min).

For the model adjust to the experimental data it was
utilized the software Matlab® and computational algorithms
available at supplementary material 1. The model adjust
quality was checked through the determination coefficient
(R? and average relative error (E).

3. Results and discussion
3.1. Electro-Fenton process optimization

Table 2 presents the matrix of the central composite
design and the responses of each experiment. The highest
removal of RhB and the lowest energy cost of treatment, cor-
responding to 66.31% at 1.64 kWh kg, respectively, were
observed under conditions of 100 Am?, pH 2.0, and 1.0 g L™
of Fe*, corresponding to experiment 1.

Statistical analysis (Tables S2.1 to 52.3 and in the Fig. S2.1
in the supplementary material 2) showed that for the removal
only the linear effect of pH was significant. This demonstrates
that other conditions applied are adequately optimized for
the removal of RhB. However, the linear and negative effects
of pH demonstrate that its decrease causes an increase of
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RhB removal. Thus, is impossible to determine optimal
conditions for this response in the study region.

For the energy cost of treatment, in order of magni-
tude, the significant effects on the response were | (X,) > pH
(X)) > > (X3) > pH? (X2) > | x pH (X, x X,). In both cases,
the linear, quadratic, or interaction effects of Fe** (X,) were
not significant. The optimum operating conditions for this
response are 90.2 A m and pH 2.0. From the ANOVA, the
non-significant effects on the responses were taken from
the statistical models, and the removal (R) and energy
cost of treatment (CE) were represented by Eqs. (12) and
(13), respectively. Fig. 1 shows the response surface for the
energy cost of treatment.

R(%)=57.6-4.54X, 12

CE(kWhkg ") =2.85+1.01X, +0.29X] +0.83X, +

0.22X2 +0.22X,X, (13)

The pH exerts one of the main effects on electro-Fenton
processes. In acid media, the production of HO, is high
[29]. In addition, pH affects the iron speciation in solution,
including the formation of Fe*, Fe (OH)*, and Fe (OH);"
species at basic pH, and altering the solubility of the species
in solution [12]. For this reason, the increase in pH causes
iron species to start precipitating in the form of iron hydrox-
ide, negatively affecting the concentration of the hydroxyl
radical (OH").

The current intensity () is the force that drives the
reduction of oxygen to the formation of hydrogen perox-
ide at the cathode. The attraction force of the RhB toward
the cathode also increases with the increase of the applied
current, provoking a greater frequency of collision between
the hydroxyl radical [12]. However, the increase of the cur-
rent intensity applied can decrease the efficiency of removal

(a0
BECN
NN B~ O\ 0

Fig. 1. Response surface of specific energy cost (CE) of RhB
removal in the function of current density (X,) and pH (X))
([Fe*]=1gL™).

of RhB, due to the formation of H,O, by the reduction of
oxygen protons, leading to less formation of hydrogen
peroxide [30]. In addition, the increase in current intensity
leads to higher energy consumption, increasing the cost of
effluent treatment.

In relation, the effect of the concentration of Fe* added
in the solution is due to the fact that its acts as an electron
donor for the formation of the hydroxyl radical [31,32].
In conventional Fenton processes, the ratio of iron ferric
species is 5-15 parts per part of H,O, [12,27]. In electro-
Fenton processes, where the oxidizing agent (H,O,) must
be produced in situ, the optimization of Fe*" concentration
must be adequately performed. The fact that this effect
does not appear significant on both responses shows that
in the concentrations used are in sufficient quantity for
the removal of RhB.

The multi-response optimization of the electro-Fenton
process was performed (according to Fig. 2 in Supplementary
material 2). The conditions were optimized for a current
density of 110 A m?, pH 2, and [Fe2+] of 1 g L. The pre-
dicted values for this condition were 62.8% of RhB removal
and a treatment energy consumption of 1.805 kWh kg™.
To verify the reproducibility of the electro-Fenton system
in the treatment of gemstones dyeing wastewater, the
other samples collection (sample 2 with 1,793.3 mg L*
and sample 3 with 735.5 mg L RhB) were subjected to
treatment under the optimized condition.

Fig. 2 show that the removal of RhB was higher for the
wastewater with the lowest initial dye concentration. The
opposite was observed for energy consumption, indicating
that the electro-Fenton process is economically disadvan-
tageous when the dye concentration is low. As an example
of this behavior, the energy consumption of 50 kWh kg™
for the removal of 98% RhB in a 50 mg L™ aqueous dye
solution [12]. In addition, during RhB degradation, lower
molecular weight sub-compounds may be produced due
to incomplete mineralization, including phenols, linear,
and branched hydrocarbons, diethyl amines, and nitro-
genated phenol [12,33]. For this reason, the electro-Fenton
process was conducted until the effluent concentration
was around 500 mg L. If this effluent is discharged into a
receiving body, it may cause a significant change in color,

w#Removal —CE

90 +
80 {
70 £
g0 |
F50 ¢
240
&30 §

(4]

CE (kWh.kg)

S = e NN
o

(5]

o

Sample 1

Sample 2 Sample 3

Fig. 2. Application of the optimized electro-Fenton process
(110 A m?, pH = 2.0, and [Fe*] = 1 g L) in different waste-
water samples of gemstones dyeing wastewater (sample 1:
[RhB], = 1,943.0 mg L7; sample 2: [RhB], = 1,793.3 mg L7;
sample 3: [RhB], =735.5 mg L™).
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contrary to local legislation to wastewater disposition
[34]. Therefore, subsequent to the electro-Fenton process,
adsorption was used asa complementary treatment technique
as it was able to remove contaminants even at low concen-
trations such as milligrams or micrograms per liter [28].

3.2. Adsorption process
3.2.1. Effects of pH and adsorbent type on the RhB removal

Fig. 4 shows the effect of the pH over the RhB adsorp-
tion in dyeing wastewater of gemstones. It is observed that
strongly acidic resin, followed by the active carbon, possess
the highest adsorption capacity. With the pH increase,
the adsorption capacity of strongly acid resin decrease of
approximately 150 mg g™ (pH 2) to 50 mg g™ (pH 4). Thus,
is observed that in low acid, neutral or basic conditions acid
resin presented adsorption capacity similar at commercial
activated carbon. The poor adsorption capacity of anionic
resin shows that there is no interaction between it and the
adsorbent.

According to Fig. 3, there was an increase in the
strongly acidic resin adsorption capacity with the pH reduc-
tion explained by the increase of number of H* protons in
the aqueous solution under acid conditions. Additionally,
with the RhB dissociated in cations with positive charges,
that attract the partials negative charges of resin sulfonic
groups, through electrostatic interactions [35,36]. In addi-
tion, the cationic character of the strong acid resin, char-
acterized by the R-SO* grouping, it's able to interact
electrostatically with RhB degradation sub-compounds
during the electro-Fenton process. This way, at pH 2, it was
observed the highest RhB removal capacity in gemstones
dyeing wastewater, being this the adopted condition at
the following experiments.

3.2.2. Adsorption isotherms

The results of the adsorption equilibrium at pH 2 and
temperature at 25°C by the strongly acidic resin in contact
with the real and aqueous solution for RhB are presented
in Fig. 4. The equilibrium was reached after 2 d of contact.

Fig. 4 shows that according to the classification sug-
gested by Giles et al. [37], the RhB adsorption isotherms by
strongly acidic resin present the H2 class, where the RhB
molecules have high affinity with the adsorbent surface.
This way, the initial amount adsorbed is high even with
low RhB concentrations in the mean. In addition, this
type of isotherm is characterized by the formation of a
plateau with maximum adsorption capacity, characteristic
of the formation of a single layer of the adsorbate over the
adsorbent [27].

Furthermore, it is observed that comparing the equilib-
rium curve of the real wastewater with the RhB aqueous
solution on the same conditions, the adsorption capacities
are similar, showing that the compounds used during the
dyeing or washing of the gemstones do not affect impor-
tantly the adsorption process. Differently, several studies
have shown inferior adsorption capacities in real wastewa-
ter to that observed in aqueous solutions, due to competition
for adsorption sites [38,39], which suggests affinity for the
selective removal of the RhB.

160 * SSTPPCB0T resin (dosage=1gL™)
r % APPA100PIus resin (dosage=5g L™)
140 r OActivated Carbon (dosage=5g L™")
[ T=25°C;Cy=440mg L™
120 r rev=100rpm;l=2:1n$w
=100 I
o L
E’ 80 -
= 60 - f
ol ¢ o 1 Pl
AR
20 | . ]
0 M ST \1 o, &, B lg1 1E |
1 2 3 4 5 6 7 8 9 10
pH

Fig. 3. Effect of the pH in the RhB adsorption (real gemstones’
wastewater treated by electro-Fenton) by weak basic resin
(PPA100Plus), strongly acidic resin (SSTPPC60T), and activated
carbon.

300 -
& -
250 3
:
200
= 4 Aqueous sclution
o
o 150 o Real wastewater
E — Langmuir model
< 100 T=25°C;pH =2;
rev =100 rpm
50
0 1 L L 1 1 L L 1 L 1 I 1 1 1 ]
0 100 200 300 400
Ce (mg L)

Fig. 4. Adsorption isotherms of RhB (aqueous solution and real
gemstones’ wastewater treated by electro-Fenton) by strongly
acidic resin.

Table 3 presents the parameters of Langmuir and
Freundlich models that adjust to the equilibrium data of
the RhB adsorption. The theoretical models indicate bet-
ter adjust to the Langmuir model to the equilibrium data
(solid lines in the Fig. 4), because it presents the determi-
nation coefficient (R2 > 0,90) and low medium relative error
(E < 10%). This confirms the coverage in a single-layer of
the RhB in the cationic resin [35].

In relation to the Langmuir model parameters, it is
observed a denser coverage of the single-layer by the RhB
relative to the real wastewater. Nonetheless, verifying the
thermodynamic coefficient of the Langmuir model (k,) of the
real wastewater, were better than the simulated wastewater,
and indicate that the Langmuir model is capable of predict-
ing the experimental data of the cationic resin equilibrium,
when in contact with the real wastewater.

Other authors reported that experimental data have
adjusted to the Langmuir model in the RhB adsorption by
conventional or alternative adsorbents. Anandkumar and
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Table 3
Parameters of Langmuir and Freundlich models for adsorption
isotherm of RhB by strongly acid resin

Table 4
Experimental results and parameters of Thomas and Wolborska
models for breakthrough curves of RhB by strongly acid resin

Parameter Real wastewater Aqueous solution Parameter Flow rate (mL min™)
Langmuir 5 10 15 57
k, (L mg™) 0.307 5.920 t, (min) 661 128 94 67.8
q, (mgg") 247.30 253.13 t, (min) 465 165 100 800
R? 0.991 0.902 LUB (m) 0.043 0.046 0.045 0.046
E (%) 1.03 6.41 V, (L) 0.330 0.064 0.047 0.339
Freundlich Thomas model
k, (mgtvn Ling ) 162.02 178.86 k,x10° (L (mgmin)!) 410 890 174 253
N 13.10 14.41 q,(mg g™ 3248 2534 1873  35.00
R? 0.798 0.860 R? 0989 0976 0988  0.992
E (%) 4.62 7.64 Wolborska model
T=25°C;pH=20 k x10°(L (mgmin)') 0.84 240 368  054x10°
g, (mg g 6473 5209 4157 10508
Mandal [40] observed that tannery residual biomass obtained R 0793 0836 0802 0.834
from the vegetable tanning process has the RhB adsorption 4. (mgg™")’ 257.74 257.74 257.74 253.09

capacity of 212.77 mg g™. This value is lower than observed
by Huang et al. [41], which uses an activated carbon devel-
oped from Lythrum salicaria L. modified with pyruvic acid,
with an adsorption capacity of 370.37 mg g*. However,
other authors have reported RhB adsorption capacities in
the order of units and tens of mg g™ [42,43].

3.2.3. Breakthrough curves

Fig. 5 shows the breakthrough curves of the wastewater
adjusted to the electro-Fenton process final concentration.
Column was composed with 15 g of strongly acidic resin,
with a bed length of 5 cm. The results regarding model
parameters of breakthrough are shown in Table 4.

According to Fig. 5, it is observed that flow increase has
managed the bed to saturate faster. As it can be observed,
to the 5 mL min™ flow (for real wastewater) the concentra-
tion begins to increase from 66 min on (breakthrough time).
In 465 min, the adsorbate concentration in the column out-
let reaches close to the feed, indicating the exhaustion of
the bed. The comparison of the breakthrough curves of the
real wastewater and the aqueous solution (at a flow rate
of 5 mL min™) show similar results of breakthrough time.
However, lower slope behavior, causing an increase of
exhaustion time and the LUB.

For the breakthrough curves at 10 and 15 mL min™ as
soon as the first instants the concentration already starts
to increase, and the exhaustion of bed occurs at 165 and
100 min, respectively. Moreover, the LUB increase and
the volume of treated effluent decrease with the increase
of flow rate. The decrease of breakthrough time with the
flow rate increase is observed by Ghribi and Bagane [44]
to RhB adsorption on natural clay.

The feed rate of the bed increases the amount of sol-
ute to be adsorbed in a particular intrusion. Therefore, a
higher saturation of the bed is expected at higher flows. In
the other hand, the increase in feed flow influences directly
the external mass transfer, facilitating the adsorption on the

“Aqueous solution contains RhB; Yexperimental value predicted by
Langmuir isotherm; pH = 2.0; T = 25°C; C;=4839 mg L, z=5 cm;
w=15g.

1.0
09
0.8 ¢
0.7 F
DO.G E O Q=5mLmin™
Op5 [ * Q=5mLmin™
G 0 Q=10mLmin™
0.4 A Q=15mLmin™
03 ——Thomas model
s T=25C; pH =2;
0.2 Co=4839mg L™
z=5cm;w=15g

0.1

D-O 3 1
0O 100 200 300 400 500 600 70O 800

Time (min)

* aqueous solution

Fig. 5. Breakthrough curves of RhB adsorption (aqueous solution
and real gemstones’ wastewater treated by electro-Fenton) by
strongly acid resin.

surface of the material. Similar results were observed by
Canteli et al. [45] and El-Naas et al. [46].

Table 4 shows the Thomas and Wolborska model
parameters adjusted to the adsorption breakthrough
curve of the 5, 10, and 15 mL min™ flows, and the adsorp-
tion isotherms predicted values of the bed stoichiomet-
ric capacity. The determination coefficient (R?), indicates
that the Thomas model is able to predict the RhB adsorp-
tion in the dyeing wastewater of gemstones (solid lines in
Fig. 5). The Thomas constant values (k,) have increased
with the flow, confirming that the mass transfer was
faster with the flow increase. This occurs because the flow
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increase reduces the mass transfer resistance between
the wastewater ant the solid adsorbent [45,46].

The maximum adsorption capacity “q,” predicted by
Thomas model has decreased with the flow increase, and
its values were inferior to the bed stoichiometric capacity
(9,) predicted by the equilibrium curve (Langmuir model).
This difference, along with the low mass transfer coeffi-
cients, indicates that the resin saturation in the adsorption
bed occurred superficially, and the values observed in the
equilibrium tests were only possible due to the large contact
time. The k, values found were low, and had resulted in
a maximum adsorption capacity smaller than g, [47,48].
This difference might have been due to the low porosity of
the studied adsorbent.

3.3. Characterization of electro-Fenton/adsorption
obtained effluent

Fig. 6 shows the removal efficiencies of RhB, color,
turbidity, and DOQ after each step of the process. It is pos-
sible to observe that the electro-Fenton process is suitable
to partially remove the concentration of RhB, color, and
COD. The non-proportional COD reduction relative to the
RhB removal demonstrates that dye was partially miner-
alized during the electro-Fenton process. This behavior
justifies the need to apply adsorption as a complementary
treatment technique. In addition, RhB removal is close to
the optimized value by the statistical model obtained by
the response surface methodology. Moreover, the turbid-
ity is completely reduced due to the cumulative effect of
compound degradation and the flotation of suspended
substances by the air bubbles and hydrogen generated in
the electrolytic reactor.

Already, after adsorption on a bed of strong cationic
resin is observed the complete removal of RhB. Using a bed
300 mm long it was possible to operate for 330 min (data
not shown), obtaining removals of RhB higher than 99.5%
in this interval. This value is similar to the color removal
of agate dyeing effluents using sodium hypochlorite [2].
However, the authors report the presence of organochlo-
rines due to incomplete dye mineralization. In addition, the
adsorption system provided increased color removal (from
54% to 89%) and COD (from 50% to 68%). This suggests
that RhB no-completely mineralized by the electro-Fenton
process were removed during adsorption.

However, it should be noted that the final COD con-
centration was higher than 1,700 mg L, which is about
five times superior to the limit defined by local legislation
for effluent emissions of this type of establishment [34].
Similar COD concentrations after the ozonization treatment
of agate dyeing wastewater were observed by Machado
et al. [49]. Sindelar et al. [50] observed a 62% reduction in
the organic load and 20.5% of total nitrogen of agate dye-
ing wastewater using photodegradation and electrodialysis
coupled processes. This value may be associated with other
substances, including alcohol and detergents, used in the
dyeing and washing of gemstones.

Machado et al. [49] suggest that other even more dras-
tic oxidative methods be used for the complete reduction of
COD in gemstones dyeing wastewater. However, given the
absence of dye, turbidity, and low residual color, we believe

. ,
N = =
g 111

[RhB] Color  Turbidity =~ COD

Fig. 6. Cumulative effect of electro-Fenton and adsorption
process on the real gemstone’s wastewater treatment.

that treated effluent can be reused in the agate processing
such, for example, dyeing, cutting, or sanding stages.

4. Conclusion

In this work, it has been studied as an alternative method
for the removal of RhB present in real effluents from the
dyeing of semi-precious stones through electro-Fenton
coupled to adsorption. We have found that the electro-Fenton
process, although efficient in the removal of RhB, requires
bigger time and a relatively expensive energy cost for the
complete removal of the dye. However, if applied as a pre-
vious method of treatment can be promising, presenting
costs in the order of 1.8 kWh per kg of removed RhB.

Subsequently, the adsorption was applied satisfacto-
rily for the removal of the dye present in the effluent using
a strong cation resin at pH 2.0. Under these conditions, the
resin presented an adsorption capacity of RhB in the actual
effluent of 247.3 mg g™. Adsorption isotherms were predicted
by the Langmuir model. Fixed bed adsorption of RhB in
real wastewater of gemstones dyeing were predicted by the
Thomas model. The increase of flow rate causes an increase
in mass transfer rates but a reduction in the stoichiometric
capacity of the bed. Thus, with a flow rate of 5 mL min™
the rupture time was 60 min.

The electro-Fenton process coupled with adsorption
with strongly acidic resin was capable of removing more
than 99.5% of RhB present in gemstones dyeing wastewater,
being an effective conventional adsorbent for the comple-
mentary treatment of the dyeing process wastewater of
gemstones.

Acknowledgments

The authors acknowledge the Gemstones and Jewelry
Technology Center (CTPedras) for the technical support of
the research. To De Nora Inc., (Brazil) for the Ti/RuO, anode
supply. To the University of Passo Fundo for the scholarship
and to National Council for Scientific and Technological
Development (CNPQ) for the financial support to the
research (Proc. 405311/2016-8).



T.S. Machado et al. / Desalination and Water Treatment 194 (2020) 235-247

Symbols

C, Initial concentration in the liquid phase
CE  — Energy cost of treatment

C, —  Equilibrium concentration at the liquid phase
o —  Final concentration in the liquid phase
k, —  Constant of the Freundlich model

k, —  Constant of the Langmuir model

k,,  — Kinetic constant of the Thomas model
k, —  Kinetic constant of the Wolborska model
L — Bed length

LUB — Length of unused bed

n —  Heterogeneity factor

Q —  Flow rate

9, —  Stoichiometric capacity of the bed

q, — Adsorption capacity at equilibrium

q, — Maximum adsorption capacity

R — Removal

R? —  Determination coefficient

t —  Operation time

t, —  Breakthrough time

t —  Exhaustion time

Vv —  Solution volume

v, —  Volume of treated effluent

v, —  Interstitial velocity

w — Adsorbent mass

z — Bed length
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Supplementary material 2

Statistical analysis of central composite design applied to electro-Fenton process optimization.

Table S2.1
Analysis of variance of current density (X,), pH (X,), and Fe*" concentration (X,) on the RhB removal and energy consumption of
electro-Fenton process

Effect SS DF MS F p
RhB removal (R)
X, (L) 717 1 717 0.42 0.538
X2(Q) 3.19 1 3.19 0.19 0.679
X, (L) 280.94 1 280.94 16.40 0.005
X2(Q) 3.00 1 3.00 0.18 0.688
X, (L) 6.10 1 6.10 0.36 0.569
X2(Q) 2.37 1 2.37 0.14 0.721
X, xX, 2.29 1 2.29 0.13 0.726
X, x X, 7.94 1 7.94 0.46 0.518
X, x X, <0.01 1 <0.01 <0.01 0.999
Error 119.89 7 17.13
Total 435.82 16
Energy consumption (CE)
X, (L) 13.89 1 13.89 45.33 0.000
X2(Q) 1.02 1 1.02 3.31 0.112
X, (L) 9.43 1 9.43 30.76 0.001
X3 (Q) 0.57 1 0.57 1.85 0.215
X, (L) 0.00 1 0.00 0.00 0.967
X2(Q) 0.00 1 0.00 0.00 0.972
X, xX, 0.39 1 0.39 1.26 0.299
X, x X, 0.12 1 0.12 0.38 0.558
X, x X, 0.19 1 0.19 0.61 0.461
Error 2.15 7 0.31
Total 27.56 16
Table S2.2

Regression coefficients of significate variables on the RhB removal and energy consumption of electro-Fenton process

Parameter Regression Standard t [4 Confidence limit
coefficients error +95% ~95%
RhB removal (R)
Mean 57.65 0.78 74.0 0.000 55.99 59.32
X, (L) —4.54 0.87 -5.2 0.000 -6.39 -2.68
Energy consumption (CE)
Mean 2.85 0.20 14.0 0.000 2.40 3.30
X, (L) 1.01 0.13 7.9 0.000 0.73 1.29
X2(Q) 0.30 0.13 2.2 0.048 0.00 0.59
X, (L) 0.83 0.13 6.5 0.000 0.55 1.11
X2(Q) 0.22 0.13 17 0.125 -0.07 0.52

X xX, 0.22 0.17 1.3 0.215 -0.15 0.59
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Table S2.3

Quality and covariance analysis of predicted model for the RhB removal and energy consumption of electro-Fenton process
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Effect SS DF MS F p
RhB removal (R)
Regression 56,790.1 2 28,395.0 2,750.1 <0.001
Residual 154.9 15 10.3
Total 56,944.9 17
Corrected total 435.8 16
Regression vs. corrected 56,790.1 2 28,395.0 1,042.5 <0.001
R? 0.644
Adjusted R* 0.621
Energy consumption (C)
Regression 206.8 6 34.5 154.9 <0.001
Residual 2.4 11 0.2
Total 209.3 17
Corrected total 27.6 16
Regression vs. corrected 206.8 6 34.5 20.0 <0.001
R? 0.911
Adjusted R? 0.871
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Fig. S2.1. Residual plots of observed and predict values of (a) RhB removal and (b) energy consumption.
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Fig. 52.1. Desirability profile for optimization of RhB removal (a) and energy consumption (b) of electro-Fenton process
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