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Abstract

The growing global population has increased energy and food demand, leading to a higher
production of waste streams such as fly ash from the energy sector and wastewater from
food and beverage industries. Without proper treatment, these wastes pose significant
environmental concerns. One promising strategy is to repurpose industrial byproducts for
wastewater treatment. Winery wastewater, for instance, contains acidic organic compounds
and alcohol that are difficult to remove using conventional methods, while large amounts of
fly ash remain underutilized. This study, therefore, examines a hybrid system that combines
fly ash-assisted Fenton oxidation with membrane filtration for winery wastewater treatment.
The process involved sequential Fenton pre-treatment followed by lab-scale nanofiltration
using a 1 kg/mol ceramic membrane (13.1 cm2). A Design of Experiments approach was
applied to evaluate system performance under varying H2O2 dosages (10–30 mL/L), fly
ash loadings (1–3 g/L), and membrane fluxes (40–80 LMH). Filtration was performed
through multiple constant-flux cycles, with energy requirements ranging from 400 to
800 kWh/m3 for the flux variations calculated from the lab-scale pump operating at a
constant power supply. The hybrid method showed strong performance, achieving 70%
TOC removal and 90% reduction of color and iron. However, considerable membrane
fouling was observed, likely due to increased retention and deposition of organic matter,
iron, and fly ash during filtration.

Keywords: fly ash; heterogeneous Fenton; membrane filtration; membrane fouling; winery
wastewater

1. Introduction
The global alcoholic beverage market is influenced by cultural preferences and con-

tributes to worldwide commercialization and consumer behavior [1]. Wine production
in particular is a multi-step process that generates a significant volume of wastewater [2].
The volume of wastewater varies with production scale, ranging from 0.2 to 4 L per liter
of wine [3]. The characteristics of wine wastewater result in significant challenges for
wastewater treatment plants due to its acidic nature (pH 4–5), high organic content (COD
with 340 mg/L to 360,000 mg/L, and TOC with 7363 mg/L), and intense color (up to
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6500 Pt-Co) [3,4]. In detail, wine production wastewater consists of various organic com-
pounds, including sugars, ethanol, organic acids, aldehydes, and high molecular weight
compounds such as polyphenols, tannins, and lignin [5]. Additionally, detergents from
cleaning processes contribute to the complex organic composition of winery wastewater [4].

Given the high organic content, winery wastewater requires effective degradation
processes; it has historically been treated using conventional biological treatments such as
aerobic and anaerobic systems. Although these methods are relatively cost-effective [6],
they present several limitations. Anaerobic treatment often achieves incomplete organic
removal (limited to less than 90%) [7] and typically requires another form of secondary
treatment [6], while its operation demands skilled control to maintain stable sludge blanket
conditions. Seasonal fluctuations between vintage and non-vintage periods in the winery
industry further complicate process stability, as microbial populations become difficult to
sustain year-round. Moreover, aerobic systems designed to handle peak harvest loads tend
to be oversized during off-season periods, leading to operational inefficiencies [3,6] and also
the treatment efficiency was lower than that achieved by the anaerobic process [8]. The high-
strength nature of winery wastewater can also promote excessive biomass growth, increase
aeration requirements, and generate large volumes of sludge that pose additional handling
and disposal challenges [9,10]. Therefore, these limitations have driven increasing interest
in advanced and hybrid treatment technologies capable of more effectively addressing the
high organic load and complex composition of winery wastewater.

One alternative process to treat complex winery wastewater employs a heterogeneous
Fenton process, with recent studies revealing significant efficiency of up to 90% in organic
removal [11–13]. The higher efficiency is attributed to the production of reactive oxygen
species (◦OH and ◦OOH) generated by H2O2 as an oxidizing agent and Fe2+ or Fe3+ as
catalysts under acidic conditions [14,15]. The optimal pH range for heterogeneous Fenton
reactions ranges between pH 3 and pH 6 [16], thus revealing its versatility and adaptability
in treating winery wastewater. Heterogeneous Fenton processes can also utilize solid
catalysts as a source of Fe [17], creating opportunities for a variety of materials to be used
as catalysts. However, the application of solid catalysts introduces concerns about iron
leaching [18]. This phenomenon involves iron species on the catalyst surface dissolving
and escaping into the surrounding liquid as dissolved iron [19].

Coal fly ash (CFA), a waste residue abundantly generated by thermal power plants
worldwide, poses a significant environmental issue due to the water and soil contamination
risks associated with improper disposal [20]. CFA consists of metal-rich oxides such as SiO2,
Al2O3, or Fe2O3 [21], indicating a potential application as a Fenton catalyst, especially due
to its high iron content. The potential of CFA for the removal of various pollutants, such as
organic matter from leachate, dye, polyacrylamide, as well as wastewater-related organic
matter through a heterogeneous Fenton reaction has already been demonstrated [20–25].
In a study conducted by (Zhao, Yuxuan et al.), coal fly ash-based catalysts used in heteroge-
neous Fenton processes exhibited excellent catalytic activity and stability [26]. Similarly,
another study reported that fly ash demonstrated satisfactory reusability after several
consecutive operating cycles. These findings suggest that fly ash is a promising and
cost-effective catalyst for the degradation of organic dyes in aqueous solutions through
heterogeneous Fenton processes [27].

Besides heterogeneous Fenton processes, membrane technology has gained significant
attention in industrial wastewater treatment, especially in cases where high effluent quali-
ties are necessary [28]. For winery wastewater treatment, nanofiltration and reverse osmosis
membranes are commonly employed due to their high efficiency in pollutant removal [4].
The combination of membrane processes with other water treatment technologies results in
the so-called “hybrid process” [29].
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The coupling of membrane filtration and advanced oxidation processes (AOPs), includ-
ing Fenton-based reactions, has emerged as a growing area of research in water treatment
technology. This combined approach has attracted significant attention because of its
potential to permanently resolve or mitigate membrane fouling issues and address the
challenge of managing concentrate waste generated during membrane separation [30]. The
distinct advantages of this coupled process are largely attributed to the high organic content
present in winery wastewater. When applied as a pre-treatment stage, the Fenton process
can effectively degrade organic compounds in the membrane feed stream. It is primarily
intended to reduce membrane fouling through the oxidation of natural organic matter
(NOM), particularly humic acids [31]. Research related to Fenton–membrane configurations
for the treatment of industrial wastewater, particularly in the textile industry, has demon-
strated its ability for the removal of organic substances, resulting in an over 75% reduction
of dissolved organic carbon [32]. In a recent study conducted by (He, Yulun et al.) [33],
a Fenton catalytic membrane was employed for the treatment of micropollutants. The
results were highly satisfactory, achieving up to 97.4% removal of bisphenol-A (BPA). The
experiments demonstrated a stable performance of the hybrid process across a wide variety
of pH levels, indicating its high potential for future drinking water treatment applications.

Based on the previously mentioned advantages of this hybrid system, the integrated
process can provide higher purification efficiency, improved membrane flux with reduced
fouling, and the added benefit of enabling separation of the solid catalyst from the treated
water. The superiority of hybrid processes represents a significant advancement that
encourages further research on the recovery of industrial wastewater for specific reuse
purposes [32,34]. Water recovery is often not feasible using conventional treatment meth-
ods; therefore, advanced technologies such as hybrid processes are required [31,35]. In
several development studies, the oxidation of organic compounds has shown significant im-
provement through the integration of additional processes into hybrid Fenton–membrane
systems. Furthermore, such modifications may provide solutions to other challenges, par-
ticularly those related to membrane durability against cavitation. In ultrasound-assisted
studies, experiments were conducted by combining these processes to achieve higher or-
ganic pollutant removal efficiencies while simultaneously reducing the risk of membrane
cavitation [35]. These studies highlight the potential for further enhancement of hybrid
Fenton–membrane systems.

A comprehensive evaluation of the hybrid process’s effectiveness necessitates the
variation of a wide range of operational parameters or variables from each component
process. In this study, Design of Experiment (DOE) methodology was employed for the
analysis of the individual and combined influence of selected operational parameters on
process performance with a minimum number of experiments. In this study, the removal
of total organic carbon and color, as well as the iron concentration in the permeate of the
membrane process, were used as quality parameters.

2. Materials and Methods
2.1. Characterization of Synthetic Winery Wastewater

The experiments were carried out employing synthetic winery wastewater in order
to imitate winery wastewater characteristics. Synthetic wastewater was prepared by di-
luting commercial red wine with domestic greywater at a ratio of 1:100. This ratio was
selected to better represent realistic operating conditions, as winery wastewater is char-
acterized by a very high organic load (with COD concentrations ranging from 340 mg/L
to 360,000 mg/L) [3,4]. Furthermore, the selected ratio is consistent with the primary ob-
jective of this study, which focuses on the treatment of high-strength organic wastewater.
A study comparing direct membrane filtration performance using synthetic wastewater
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and real wastewater with high organic content revealed that it can serve as a suitable
surrogate for DMF investigations. The use of synthetic wastewater helps minimize one of
the major sources of variability in current DMF studies, thereby facilitating more consistent
experimental conditions and supporting the accelerated development of DMF technol-
ogy [36]. The greywater was sourced from a wastewater treatment plant in South Jakarta,
the characteristics of which are detailed in Appendix A.1. The characteristics of the winery
wastewater are presented in Table 1.

Table 1. Properties of synthetic winery wastewater.

Parameter Unit Value

pH - 3
COD mg/L 3850
TOC mg/L 1178

Total Iron mg/L 2
Color Pt-Co 120

2.2. Modification of Fly Ash Iron Oxide (FA-Fe3O4)

Nanoparticles of Fe3O4 were synthesized on CFA obtained from the thermal power
plant in South Sulawesi, Indonesia, using inverse co-precipitation to create FA-Fe3O4 [22].
A 60 mL solution of 10% ammonium hydroxide (NH4OH) was mixed with 2 g of CFA.
Moreover, an iron precursor solution, prepared by dissolving FeSO4·7H2O (1 M) (99.5%,
analytical grade, Merck, Darmstadt, Germany) and FeCl3 (2 M) (99%, analytical grade,
Merck, Darmstadt, Germany) in 30 mL of deionized water, was slowly added to the base
solution under constant agitation at 450 rpm and a temperature of 60 ◦C. Furthermore,
the mixture was stirred for 90 min. Thereafter, the mixture was filtered, rinsed, and
dried in the oven overnight at 105 ◦C. The augmented CFA with iron oxide was further
characterized. The crystalline phases present in the catalysts were identified using X-ray
diffraction (XRD). The diffraction patterns of FA-Fe3O4 were recorded in the 10◦ to 90◦ at 2θ.
Scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDS) (Apreo SEM, Thermo Fisher Scientific, Waltham, MA, USA). was used to investigate
the surface morphology and elemental composition of FA-Fe3O4. In parallel, the size
distribution of FA-Fe3O4 was characterized through Particle Size Analysis.

2.3. Hybrid Fenton–Membrane Experiments

A lab-scale hybrid Fenton membrane experiment was conducted, initially employing
500 mL of synthetic winery wastewater. The wastewater underwent the Fenton oxidation
process with the addition of various concentrations of H2O2 (10–30 mL/L) (30%, analytical
grade, Merck, Darmstadt, Germany) and FA-Fe3O4 (1000–3000 mg/L) in a 1000 mL beaker
glass. Based on the characteristics of the synthetic winery wastewater presented in Table 1,
the varied H2O2 dosages correspond to mass-based gH2O2/gTOC ratios of 2.8:1, 5.7:1, and
8.5:1, respectively. The solution was then stirred at 350 rpm at room temperature for 60 min
to maintain homogeneous conditions during filtration.

Thereafter, synthetic wine wastewater was filtered through the membrane holder
employing a peristaltic pump (Longer BT 100-1F, Longer Precision Pump Co., Ltd., Baoding,
Hebei, China). The pump was working with a power supply of 90 V–260 V/40 W) (Figure 1).
In the membrane filtration process, a flat-sheet ceramic membrane made of ZrO2–TiO2 was
used. The membrane had a diameter of 47 mm, a thickness of 2.5 mm, and an effective
surface area of 13.1 cm2. It was manufactured by TAMI Industries and had a molecular
weight cut-off (MWCO) of 1 kg/mol (≈2 nm). The filtration system was operated under
a dead-end and constant flux mode by adjusting the peristaltic pump to the required
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flow rate. Due to the dead-end mode, the entire volume of the introduced feed was
directed perpendicularly through the membrane pores; a feed circulation loop was absent,
making feed circulation metrics not applicable to this experimental setup. Furthermore,
this dead-end design operated without a continuous concentrate bleed-off stream, meaning
that the volume of the generated permeate mathematically matched the processed feed
volume. This configuration established an effective, constant water recovery percentage of
approximately 100% for each cycle. Under these strict constant-flux boundary conditions,
the progressive hydraulic resistance was directly evaluated by monitoring changes in the
operational transmembrane pressure (TMP) rather than a decline in fluid recovery.

For each experiment, multiple filtrations of 4 cycles were performed at room temper-
ature with a filtration time of 15 min per cycle in order to assess the immediate effect of
the factors on the filtration process. The volume of permeate water was measured with
a digital analytical balance, and the pressure difference was also measured by a pressure
gauge and recorded at each minute of the filtration time. Thereafter, in each cycle, the
membrane went through a mechanical backwash process for 60 s using pure water. The
backwash process was performed by reversing the flow of ultrapure water through the
membrane to reduce the membrane fouling [32]. The permeate from all four cycles was
then collected and combined for TOC, color, and iron concentration analysis.

Figure 1. Hybrid Fenton-membrane filtration experiment setup.

After multiple filtration processes were performed, the membrane was cleaned using
cleaning agents of NaOCl 5% (v/v) (technical grade, OneMed, Sidoarjo, Indonesia), fol-
lowed by backwashing and filtration using ultrapure water. The same ceramic membrane
was used for all of the experiments. The membrane was cleaned between experiments
using a Cleaning in Place (CIP) procedure in order to remove fouling caused by inorganic
and organic matter [37]. NaOCl 5% mg/L was used in the cleaning process in order to
remove organic foulants, while citric acid (6%) was used to remove inorganic foulants
from the previous filtration process of synthetic winery wastewater [37]. Details of the
membrane filtration procedure are described in Figure 2.
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Figure 2. Filtration process and CIP flow chart.

2.4. Performance Assessment
2.4.1. Hybrid Reactor Efficiency

All of the samples were collected after the Fenton and filtration process to analyze the
target parameters, consisting of TOC, color, and iron concentration. The TOC concentration
was measured with a TOC analyzer (TOC-L, Shimadzu Corporation, Kyoto, Japan) accord-
ing to the Standard Method 5310 (Total Organic Carbon). Thereafter, the color parameter
was measured according to the standard method 2120. The removal rates of TOC and color
were calculated through Equation (1).

η% =
C0 − Ct

C0
× 100% (1)

where C0 and Ct are the initial concentration and residual concentration of TOC (mg/L)
or color (Pt-Co) and η is the removal rate. Moreover, the total Fe (mg/L) was measured
through the FerroVer method according to the HACH Method 8008.

2.4.2. Membrane Performance

Membrane filtration performance was assessed through the fouling behavior of each
experiment, investigated by measuring the membrane permeability decay of each cycle.
Membrane permeability (W, L/m2.hour/bar) was calculated by Equation (2).

W =
J

∆P
(2)

J =
Q

Am
(3)

where J is water flux (L/m2.hour) obtained from the collection of the filtered volume rate
(Q, L/h) divided by the active surface area (Am, m2). Moreover, ∆P is the transmembrane
pressure (bar). The membrane performance decay during the filtration was monitored by
plotting the permeability (W) vs specific filtered volume (Vsp). The specific filtered volume
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(Vsp) was calculated as the product of permeate flux (J) and the filtration time (t). This
parameter represents the cumulative volume of permeate produced per unit membrane
area during the filtration process and was used to evaluate membrane performance and
fouling behavior over time (see Equation (4)).

Vsp = J × t (4)

2.5. Design of Experiment (DoE)

A two-stage factorial design introduced by Kleppmann was employed to optimize
the experimental design and systematically adjust the parameters within a certain range of
values [38]. The variables investigated in this study consist of H2O2 (10–30 mL/mL), the
catalyst (1000–3000 mg/L), and flux (40–80 LMH). To model the second-order effects, a
central composite design (CCD) was selected. This was done because a full factorial design
with three stages requires a higher number of experiments. Consequently, a 23 full factorial
experimental design, along with a center point and an additional 2 × 3 = 6 star points were
created. A center point is an additional measurement location at the center of the test area,
and star points are situated at the edges, slightly outside the typical range for a particular
parameter. Subsequently, an orthogonal experimental design was generated with respect
to all terms in the model through Equation (5).

∝2=
1
2

(√
N × Ns − Ns

)
(5)

where ∝ is the distance between central points and star points, Ns is the number of ex-
periments for the full factorial design without a center point (here Ns = 23 = 8), and N is
the total number of experiments for the CCD design. Consequently, the total number of
experiments (N) in this study is 16, consisting of 8 full factorial experiments, 6 experiments
of star points, and 2 center points. The ∝ coded value of the individual factors and their
corresponding non-coded value are summarized in Table 2, and the 16-design matrix of the
overall experiments is shown in Table 3. Thereafter, all the samples from the 16 experiments
were tested for TOC, color, and iron concentration, and the results were further analyzed
using the statistical analysis tools in JMP® version 18.

Table 2. Experimental range and levels.

Factors Unit
∝ = −1.41 −1 0 1 ∝ = 1.41

H2O2 mL/L 5.86 10 20 30 34.15
Catalyst mg/L 590 1000 2000 3000 3420

Flux LMH 31.72 40 60 80 88.29
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Table 3. Design matrix and permeate water quality, as well as efficiency.

No H2O2 (mL/L) Catalyst (mg/L) Flux (LMH)
Color (Pt-Co) Total Organic Carbon (mg/L) Permeate Iron

Concentration (mg/L)Feed Permeat Removal (%) Feed Permeate Removal (%)

Factorial points

1 10 1000 40

117

29 75

1178

705 40 1
2 30 1000 40 17 85 586 50 0
3 10 3000 40 12 90 593 50 1
4 30 3000 40 12 90 586 50 2
5 10 1000 80 23 80 504 57 12
6 30 1000 80 29 75 375 68 1
7 10 3000 80 15 87 360 69 5
8 30 3000 80 13 89 404 66 2

Axial points

9 5.86 2000 60 19 84 404 66 2
10 34.15 2000 60 18 85 381 68 4
11 20 590 60 21 82 481 59 3
12 20 3420 60 16 86 491 58 5
13 20 2000 31.72 19 84 353 70 6
14 20 2000 88.29 21 82 464 61 2

Center points 15 20 2000 60 18 85 488 59 3
16 20 2000 60 13 89 492 58 4
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3. Results and Discussions
3.1. Modified Fly Ash Iron Oxide (FA-Fe3O4) Characterization

Characterization was performed through X-ray Diffraction (XRD) analysis to identify
the phase fraction in the FA-Fe3O4 catalyst. The XRD diffraction pattern showed peaks at
various angles. These angular peaks had high intensities at 30.97◦, 35.26◦, 41.60◦, 50.72◦,
67.62◦, and 74.57◦, as shown in Figure 3a. This indicates the presence of Magnetite (Fe3O4),
Hematite (Fe2O3), Aluminum Silicon Oxide (Al2SiO5), and Silicone Dioxide (SiO2). The
detection of Magnetite confirms the successful incorporation of Fe3O4 into the fly ash,
enhancing its potential catalytic properties. Moreover, the presence of other compounds
contributes to the structural matrix of the fly ash and explains the typical composition of
fly ash [39].

Figure 3. Characterization of modified FA-Fe3O4: (a) XRD Pattern; (b) Elemental Concentration;
(c) SEM Image; and (d) Particle Size Distribution.

Further Characterization was also conducted to identify the surface morphology of
FA-Fe3O4 using Scanning Electron Microscopy (SEM) equipped with Energy Dispersive
Spectroscopy (EDS). As shown in Figure 3c, FA-Fe3O4 has an eccentric shape with an
irregular morphology at a magnification of 10,000×. Moreover, the elemental composition
(Figure 3b) shows that FA-Fe3O4 is dominated by oxygen (O) and iron (Fe) with atom
concentrations of 47.5% and 34.59%, respectively. The abundance of oxygen reflects its role
in both the fly ash matrix and the iron oxide. Silicon (Si), aluminum (Al), and calcium (Ca)
appear in relatively low amounts with atom concentrations of 8.32%, 7.31%, and 1.76%,
respectively. Moreover, the data suggest that the augmented fly ash could be effective in
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applications for heterogeneous Fenton reactions. This is supported by the preliminary
experiments of this study that revealed the limited capacity for color removal when FA
used independently (see Appendix A.5). The augmentation of Fe3O4 onto the FA surface
was essential to boost catalytic performance. This concluded that the high iron content and
reactive surface area were found to be crucial for generating hydroxyl radicals [17].

The particle size distribution analysis of FA-Fe3O4 (Figure 3d) revealed a broad range
of sizes from 51 to 132 nm, with a dominant population concentrated between 51 and
66 nm. The average particle size was determined to be 64.2 nm, classifying it as an ultrafine
fly ash catalyst that offers distinct advantages for heterogeneous Fenton reactions [40].
These nanoscale dimensions enhance reactivity by significantly increasing the available
surface area for oxidative reactions at the interface between the solid catalyst and the liquid
H2O2 phase to generate hydroxyl radicals [17,41]. This high performance is fundamentally
rooted in the synergistic interaction between the Fe3O4 and the coal fly ash (CFA) matrix,
where the CFA acts as critical support that prevents the magnetic self-aggregation of the
nanoparticles. Furthermore, structural stability is reinforced by the ‘anchoring’ of these
nano-sites onto larger CFA granules, as evidenced by the high Polydispersity Index (1.024)
and the detection of micro-scale peaks at 2073.5 nm, as shown in the PSA detailed results
shown in Appendix A.6. This correlation with the granular morphology observed in SEM
is essential for operational stability; the micro-scale support ensures efficient retention by
the ceramic membrane, maintaining catalytic activity and allowing membrane permeability
to be recovered across multiple filtration cycles without the loss of the active nanophase.

3.2. Hybrid Fenton–Membrane Removal of Synthetic Winery Wastewater

The results showed that the combination of the factors resulted in pollutant degrada-
tion with removal efficiencies exceeding 40% in all experiments for TOC and color. The
removal of TOC and color is attributed to the mechanism of Fenton and membrane filtra-
tion to remove pollutants. In the heterogeneous Fenton oxidation process, the interaction
between Fe2+ and Fe3+ present in FA-Fe3O4 and H2O2 leads to the formation of reactive
oxygen species [42]. The reactive species are primarily responsible for the degradation of
TOC and color in synthetic winery wastewater. According to the XRD characterization
results (Figure 3a), magnetite is the dominant phase in FA-Fe3O4, ensuring optimal in-
teractions between Fe2+ and Fe3+ with H2O2. Consequently, both the catalyst and H2O2

individually and synergistically contribute significantly to TOC and color removal. This
was shown in experiments where the H2O2 and catalyst dosage were operating at the same
flux (experiments 1–4 with flux 40 LMH and 5–8 with flux 80 LMH, see Table 3), result-
ing in different removal efficiencies. This is supported by a preliminary study showing
that the presence of H2O2 in the Fenton process using FA-Fe3O4 as a catalyst increases
color removal by 35% compared to adsorption alone (Appendix A.2). Similarly, another
study concluded that introducing H2O2 in the Fenton process post-adsorption increases
color removal by 30% [43]. Consistent with these findings, research demonstrated that
the interaction between FA-Fe3O4 and H2O2 effectively removes up to 70% of COD from
wastewater [22].

In addition to the contribution of the heterogeneous Fenton oxidation process, the
operational parameter of filtration flux was also identified as a parameter that provides a
high contribution to TOC removal. Referring to the removal results in Table 3, experiments
with fluxes of 80 LMH and 88 LMH (experiments 5–8 and 14) resulted in the highest
TOC removal with a range of 65% to 70% compared to lower flux variations. This is
triggered by the need to maintain constant flux operational conditions at 80 LMH, which
requires a comparably higher pressure related to fluxes of 39 to 60 LMH. Operating the
filtration system at an elevated pressure and flow rates is proven to accelerate the membrane
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fouling [44]. Furthermore, the resulting fouling layer, composed of organic pollutants and
FA-Fe3O4 solid catalysts, acts as an additional membrane, potentially enhancing TOC
removal. At higher pressures, denser cake layers with smaller pore sizes can be formed [45].
A previous study demonstrated that elevating the operational pressure of membrane
filtration from 1 to 3 bar yielded a threefold enhancement in COD removal [46].

The observed TOC removal of approximately 70% can be attributed to the combined
effects of oxidative degradation and membrane separation in the hybrid treatment system.
In the Fenton process, TOC reduction primarily occurs through the oxidation of organic
compounds by hydroxyl radicals (•OH) generated from the reaction between ferrous ions
and hydrogen peroxide [47]. This removal is further enhanced during the membrane
filtration step via size exclusion and electrostatic interactions between organic solutes and
the membrane surface.

Considering the high organic content and complex composition of winery wastewater,
this level of performance can be regarded as satisfactory. Comparable TOC removals of
68.9% have been reported by Jing Xu et al. (2017) under similar operating conditions using
a Fenton process coupled with nanofiltration for high-TOC wastewater [15]. Furthermore, a
higher level of TOC removal was reported by Handan Atalay Eroğlu and Akbal (2025) [48].
In their study, the initial TOC concentration was considerably lower (18–31 mg/L), and
reverse osmosis (RO) was used as the final treatment step. RO membranes provide tighter
separation, capable of rejecting even low-molecular-weight organic compounds and dis-
solved ions, which naturally leads to higher overall TOC removal. Additionally, their
system operated at a higher pressure (0.4 MPa) compared to 0.2 MPa in the present study,
providing a greater driving force for solute rejection [48]. Therefore, the performance
observed in this study demonstrates a competitive and practically relevant level of organic
matter removal while operating under relatively moderate conditions.

The iron concentration in the permeate after the filtration process from 16 experiments
exhibited various concentrations ranging from 0 to 12 mg/L (Table 3). Despite an initial iron
concentration of 2 mg/L (Table 1), the iron concentration on the permeate side tended to be
unchanged or even increased. Out of the 16 experiments, a decrease in iron concentration
only occurred in several experiments (i.e., experiments 1, 2, 3, and 6). This phenomenon
was attributed to iron leaching from the FA-Fe3O4 catalyst during the heterogeneous
Fenton process, where the iron species from FA-Fe3O4 turned into dissolved iron [19].
The phenomenon of iron leaching observed in this study is likely a result of the complex
interaction between the acidic wastewater matrix and the catalyst surface. The dissolution
of iron species occurs when the FA-Fe3O4 active sites undergo reductive dissolution during
the Fenton cycle, especially at the interface where H2O2 decomposes. However, the stability
of the FA-Fe3O4 is supported by the CFA matrix, which acts as a protective support. To
evaluate catalyst integrity, a mass balance estimation based on the SEM-EDS data (Fe = 35%)
indicates that this maximum dissolved fraction accounts for merely 1.14% to 3.43% of the
initial structural iron present across the catalyst dosage range (1000–3000 mg/L), suggesting
acceptable chemical anchoring and the mechanical robustness of the FA-Fe3O4 composite
under the acidic Fenton conditions. However, the iron leaching phenomenon was not
observed to be linear across the 16 experiments. For instance, higher iron leaching was
observed at a lower catalyst dosage (experiment 5:1000 mg/L, 12 mg/L iron) compared
to a higher dosage (experiment 7:3000 mg/L, 5 mg/L iron), and this non-linear trend
is explained by proton-promoted dissolution under acidic conditions. At lower catalyst
loading, fewer particles are present in the solution, so each particle receives a higher
concentration of H+ ions, leading to more aggressive proton-promoted iron dissolution;
additionally, catalyst particles are more highly dispersed at a low dosage, creating a larger
surface–acid interface per particle that allows acid and H2O2 to attack individual active iron
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sites more aggressively; with fewer particles competing for available protons, each catalyst
particle has unrestricted access to the full pool of H+ ions, resulting in faster dissolution
rates and higher iron yields [49].

Furthermore, the PSA results showing a stable peak at 2073.5 nm confirm that the
bulk of the catalyst remains in a micro-scale hybrid form, which is effectively retained by
the ceramic membrane. Furthermore, the nanofiltration membrane size with a molecular
weight cutoff (MWCO) of 1000 g/mol was insufficient to retain the dissolved iron species
(MWCO of 55.80 g/mol) and might be attributed to higher iron levels in the permeate in
comparison to the feed in several experiments [50].

Additionally, the variation in post-filtration pH (from initially 3 up to 4.5) is observed
across the 16 experimental runs (Appendix A.10). This phenomenon is likely associated
with differences in the H2O2 dosage, catalyst loading, and membrane flux applied in
each experiment. Variations in H2O2 concentration may influence the extent of oxidation
reactions and the formation of intermediate products, while differences in catalyst dosage
may affect the release of mineral species from the fly ash matrix. In addition, residual
Fenton reactions may continue after filtration, potentially contributing to slight changes
in the permeate pH. Therefore, the observed pH fluctuations are likely the result of the
combined effects of these operational parameters.

Further statistical analysis was performed using JMP 18 software for all three re-
sponses: TOC removal, color removal, and iron residue. However, only the TOC removal
analysis yielded statistically significant and interpretable results (The supplementary data
of the JMP 18 software result on color removal and iron concentration are presented in
Appendices A.7 and A.8). Therefore, this paper focuses exclusively on the JMP analysis
of TOC removal, as it provided the most meaningful insights into the process. The statis-
tical significance of the developed model was first evaluated using Analysis of Variance
(ANOVA), as summarized in Figure 4a. The results indicate that the model is highly sig-
nificant (p = 0.0115, p < 0.05), providing a reliable basis for further analysis of individual
parameters. To pinpoint which specific factors drove this significance, an Effect Summary
(Figure 4b) was subsequently employed. The significance of individual factors and their
interactions with the response was evaluated. The combined influence of all factors on the
response was analyzed at a 95% confidence interval, providing a comprehensive assess-
ment of the process variables’ impact on TOC removal efficiency. The LogWorth values
in Figure 4 represent the p-values, with a higher LogWorth indicating greater statistical
significance. Among the factors in the model, flux exhibits the highest LogWorth value
(2.828), signifying its most probable significant impact. The rest of the factors, includ-
ing the interaction between H2O2 and the catalyst, are considered to have a statistically
insignificant impact on TOC removal, due to their p-values being greater than 0.05.

Furthermore, JMP 18 software is able to generate graphs that illustrate the corre-
lation between actual and predicted responses. The correlation between predicted and
actual data is crucial as it indicates how well a model replicates real-world outcomes. A
strong correlation suggests reliable predictions, while a weak correlation implies potential
inaccuracies, affecting decision-making. Assessing this correlation helps determine the
model’s predictive validity for these parameters. The predictive model for TOC removal
yielded an R2 value of 0.66 and an RMSE of 5.736 (Figure 5). While the model remains
statistically significant (p value < 0.05), these values indicate that approximately 34% of the
variance in TOC removal is not accounted for by the current experimental design. This
lower degree of predictability is hypothesized to stem from the complex surface dynamics
of the waste-derived FA-Fe3O4 catalyst. Additionally, the significant RMSE of 5.736 reflects
residual error likely caused by uncaptured synergistic effects within the wastewater matrix
and the inherent heterogeneity of the fly ash-based catalyst. This is supported by some
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data points deviating from the regression line (solid red line running diagonally). This red
line represents a perfect prediction, and the spread of data points around it shows a better
model fit, with the shaded area indicating confidence intervals. These factors introduce
non-linearities that exceed the predictive capacity of a standard second-order polynomial
model, marking a boundary in the model’s ability to predict absolute mineralization under
varying operational conditions.

 
(a) 

 
(b) 

Figure 4. Summary results from the JMP 18 software analysis: (a) ANOVA table result and (b) effect
summary result. The value highlighted in red font (Figure 4a) within the “Prob > F” column explicitly
indicates that the statistical parameter or model is highly significant (p < 0.05). The symbol (∗)
(Figure 4b) denotes a cross interaction term between two operating parameters (H2O and Catalyst),
while the symbol (ˆ) indicates individual main effects that are contained within that interaction effect
listed above them.

Figure 5. The plot of the experimental results vs the predicted results for TOC removal. The black
circular markers represent the actual experimental data points, the solid red diagonal line denotes
the ideal linear fit (y = x), the shaded red region signifies the 95% confidence curves for the model,
and the horizontal solid blue line represents the overall sample mean of the response.

https://doi.org/10.3390/w18131637

https://doi.org/10.3390/w18131637


Water 2026, 18, 1637 14 of 27

Additionally, JMP 18 software could produce a response surface plot for TOC removal
from the interactions of each factor to visualize the factors’ impact on TOC removal.
Generally, the increasing number of factors resulted in greater TOC removal (Appendix A.9).
However, the interaction model that excluded the flux factor yielded a slightly lower TOC
removal efficiency than the configuration that accounted for flux. This shows that flux has
a slightly more significant effect on the overall TOC removal. However, the significant lack
of fit (0.0357) indicates that some systematic variation remains unexplained by the model.
These results suggest that the model captures the main response trend and is sufficient for
identifying flux as the most probable controlling parameter, although additional complexity
in the system is not fully described by the current model.

Furthermore, to ensure the statistical validity and adequacy of the regression model,
a residual diagnostic analysis was performed using JMP 18 software. The Residual by
Predicted Plot displayed (Appendix A.11) a highly random distribution of error terms
across the predicted TOC removal spectrum, successfully confirming homoscedasticity.
Furthermore, evaluation of the Studentized Residuals revealed that all 16 experimental runs
fell well within the 95% simultaneous Bonferroni limits (between −4 and +4), mathemati-
cally substantiating that the dataset contains no statistical outliers. The internal validation
of this model was achieved via the built-in replicated center points within the factorial
matrix. Combined with the robust overall model significance (p = 0.0115), these diagnostics
verify that the empirical framework is statistically adequate and internally consistent for
explaining the process trend within the evaluated experimental boundaries.

3.3. Membrane Performance: Multiple Filtration Cycles of Hybrid Fenton–Membrane and
Energy Consumption

The hybrid configuration was designed as a single treatment unit to combine hetero-
geneous Fenton and membrane filtration. In this setup, the membrane’s definitive role is
the retention of the heterogeneous catalyst of FA-Fe3O4. Although the specific removal
efficiency of the membrane alone was not isolated in this study, the overall performance
of the hybrid process was captured by the statistical model (p = 0.0115, Figure 4a). The
high significance of flux in the Effect Summary (LogWorth 2.828, Figure 4b) emphasizes
that the filtration dynamics statistically have the most influence on the system’s efficiency,
impacting both pollutant removal and the energy intensity of the process.

The specific energy consumption (SEC) was calculated for various membrane filtration
fluxes, as detailed in Appendix A.4. The analysis reveals an inverse relationship between
flux and the energy requirement; specifically, operating at fluxes of 40, 60, and 80 LMH
required 800, 500, and 400 kWh/m3, respectively. This trend is attributed to the assumption
that the pump is operating at a constant power supply of 40 watts across all flux variations,
whereby higher fluxes achieve a greater permeate volume per unit of time, thus reducing
the energy consumed per cubic meter of treated water. These results suggest that higher
membrane fluxes significantly reduce the energy intensity of the filtration process within
the tested range. This energy consumption can be considered relatively high compared to
those reported for other nanofiltration (NF) membrane processes, which typically range
from 0.56 to 10.5 kWh/m3 [51,52]. This high energy consumption is an artifact of bench-
scale limitations, driven by pump overhead, lower capacity operation, and a tiny membrane
surface area. The applied flow rate (0.05 L/h) operates at the very low end of the pump’s
capacity. Because the pump suffers from high constant baseline overheads, it continuously
draws its full nominal power of 40 W regardless of how low the flow rate is set. This
severely diminishes its mechanical efficiency at this scale. The effective membrane area is
extremely small, and the resulting filtrate volume is inherently minute (0.0125). Dividing
the fixed energy input by this microscopic volume mathematically escalates the SEC.
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Furthermore, in this study, membrane performance analysis was conducted by ob-
servation of the filtration curves and a comparison of membrane permeability decline
(calculated from Equation (2)) with the specific filtered volume (Vsp). Filtration curve
analysis was carried out on all experiments and classified based on flux variations of 40,
60, and 80 LMH (Figure 6). The resulting graphs show a comparison of filtration curves
for each flux group based on the design of experiments 1 to 16 (See Table 3). Comparing
the performance at different fluxes (Figure 6), all three different fluxes exhibited a decreas-
ing trend in permeability at certain Vsp values. In general, higher filtration flux resulted
from a higher filtered specific volume. For instance, at 80 LMH, the four-cycle filtration
process was operated until a specific filtered volume of ±100 L/m2 was obtained. On the
other hand, the lowest flux of 40 LMH resulted in a smaller specific volume of ±50 L/m2.
Therefore, one might consider that the comparison of the performance of different fluxes
could not be conducted. However, a comparison within a similar flux might explain the
performance behavior with the other mentioned operation factors and parameters. Addi-
tionally, this study has shown that high flux also results in better permeate quality due to
the formation of an additional filtration layer. On the other hand, the significant decline
in membrane permeability indicates the occurrence of internal blocking. According to the
literature, this type of fouling contributes to irreversible fouling [53]. This type of fouling
can affect the lifespan of the membrane and increase costs in the long-term operation. It
could be explained by the relatively high-pressure requirement (±2 bar) for the highest
flux applied of 80 LMH, whereas the highest pressures recorded for 60 LMH and 40 LMH
are 0.5 bar and 0.1 bar, respectively.

Specifically, for the filtration runs conducted at a constant flux of 40 LMH, four distinct
experiments can be seen in Figure 6a. From the figure, it can be seen that in the first filtration
cycle, experiment 1 (H2O2 at 10 mL/L and a catalyst concentration of 1000 mg/L) and experi-
ment 3 (H2O2 at 10 mL/L and a catalyst concentration of 3000 mg/L) exhibited comparable
and stronger membrane fouling with permeabilities of 0.85 at the end. Furthermore, less
membrane fouling was observed during experiment 2 (H2O2 at 30 mL/L and a catalyst con-
centration of 1 g/L), with an end permeability of 0.93, and experiment 4 (H2O2 at 30 mL/L
and a catalyst concentration of 3000 mg/L), with an end permeability of 0.88. During
filtration in the 2nd cycle, the initial permeabilities for all four experiments were found to
be similar and could not be achieved. This indicates that mechanical irreversible fouling
occurred. Different from the first filtration cycle, the later filtration cycle (2nd–4th) revealed
a comparable membrane fouling propensity. In correlation with process efficiency (Table 3),
it could be seen that the influence of different concentrations of hydrogen peroxide and
catalyst were found to be insignificant to membrane fouling propensity during filtration
at a flux of 40 LMH. This is based on the overlapping profiles of the permeability curves
across different experimental conditions operating in the same flux of 40 LMH (Figure 6a).
All experiments exhibited a similar final normalized permeability (ranging between 0.9
and 0.7) and a consistent decline pattern.

Multiple-cycle membrane filtration was performed at a flux of 60 LMH. Different from
the other two variations of flux, the filtration cycle at a flux of 60 LMH was categorized into
six different conditions (see Table 3). A comparison of performance was further conducted
at a flux of 60 LMH (See Figure 6c). In general, a severe membrane performance with an
end permeability of 0,6 was observed during filtration in experiment 12 (H2O2 at 20 mL/L
and a catalyst concentration of 3420 mg/L). In parallel, the other experiment revealed
a comparable membrane fouling performance despite the concentrations of hydrogen
peroxide and catalyst. Similar to filtration at 40 LMH, the influence of hydrogen peroxide
and catalyst concentration on membrane fouling could not be clearly identified. The
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mentioned experiment 12 was found to have severe membrane fouling with a comparable
high concentration of hydrogen peroxide and the highest concentration of catalyst.

Figure 6. Multiple filtration cycles at the following fluxes: (a) 40 LMH, (b) 80 LMH, and (c) 60 LMH.

Further observation of membrane performance was conducted at a constant flux of
80 LMH. Different from 40 and 60 LMH, an interesting membrane fouling behavior was
seen in this filtration experiment. The first filtration cycle exhibited a relatively comparable
performance of experiment 5 (H2O2 at 10 mL/L and a catalyst concentration of 1000 mg/L),
experiment 6 (H2O2 at 30 mL/L and a catalyst concentration of 1000 mg/L), and experiment
8 (H2O2 at 30 mL/L and a catalyst concentration of 3000 mg/L) with an end permeability
of around 0.85 (Figure 6b). However, a more pronounced decline in permeability was
observed in experiment 7 (H2O2 at 10 mL/L and a catalyst concentration of 3000 mg/L),
reaching an end permeability of 0.78. In the second filtration cycle, a different membrane
fouling propensity was observed. Due to mechanical membrane backwashing, the initial
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permeability of the second filtration cycle was found to vary. Experiments 5 and 7 exhibited
similarly high initial permeabilities at 0.9, in comparison to experiments 6 and 8, each with
an initial lower permeability of 0.81. Despite similar initial permeabilities in the 2nd cycle
for experiments 5 and 7, as well as 6 and 8, membrane permeability decline at the end
of the cycle resulted in different end permeabilities. Interestingly, data from experiment
7 revealed a more tempered permeability decline compared to the other configurations,
concluding with a final permeability of 0.79. In contrast, experiment 6 exhibited a more
severe decline in permeability, dropping to a final value of 0.6. Regarding experiment 7,
an opposite performance trend associated with severe membrane fouling was noted when
compared to its first filtration cycle. In the 3rd filtration cycle, the membrane performance
of experiment 6 revealed severe membrane fouling with an end permeability of 0.55,
whereas experiment 7 experienced less intensive fouling, maintaining a higher value of
0.67. Meanwhile, experiment 5 and 8 exhibited comparable end permeabilities of 0.62. In
the last filtration cycle (4th cycle), experiment 6 experienced the most severe membrane
permeability decline compared to the other experimental conditions, with 0.5 as the end
permeability. On the other hand, the other experiments showed stable performance with
end permeabilities of 0.66, 0.61, and 0.61 for experiments 5, 7, and 8, respectively.

It could be suggested that the higher hydrogen peroxide levels resulted in a more
severe membrane fouling. However, relating it to the pollutant retention (see Table 3), the
severe membrane fouling is attributed to the lower iron concentration on the permeate side.
This might indicate that the hydrogen peroxide successfully oxidizes iron despite different
catalyst concentrations into other forms that are able to be retained by the membrane.
The oxidized iron was changed into another form, which accelerated the formation of a
cake layer on the membrane surface. The cake layer completely blocks the membrane
pores [54], preventing any further increase in transmembrane pressure and resulting in
a less rapid decline in permeability. In contrast, the experiments with lower catalyst
dosages showed higher initial permeabilities and a higher rate of permeability decline,
consistent with the findings of another study [53]. The consistent reduction in permeability
across all experiments signifies the occurrence of membrane fouling. This phenomenon is
characterized by dynamic interactions between organic and inorganic contaminants and
the membrane surface. The deposit of contaminants on the membrane surface is visible as
it is captured in Appendix A.3. The accumulation of foulants within the membrane pores
obstructs fluid flow and results in a higher transmembrane pressure to sustain a constant
flux of 80 LMH. Such interactions progressively diminish the membrane’s permeability [55].

By evaluating the comprehensive removal datasets across the varied operational pa-
rameters presented in Table 3, alongside the systematic assessment of membrane fouling
behaviors discussed previously, a clear correlation between operating conditions and sys-
tem responses can be established. To establish a sustainable trade-off between process
economics, membrane longevity, and treatment efficiency, the objective function for process
optimization was defined based on minimizing the operational inputs and fouling stress
while maintaining adequate organic degradation. Consequently, the optimal operational
conditions were identified to be a combination of operational conditions that consist of
a flux of 40 LMH, 30 mL/L of H2O2, and 1000 mg/L of catalyst (Experiment 2). The
selection of this specific run is heavily justified by techno-economic and structural consid-
erations. Operating at the lowest boundaries for both flux (40 LMH) and catalyst dosage
(1000 mg/L) significantly reduces chemical costs and mitigates hydraulic fouling pressure
on the filtration layer. This is supported by the system’s ability to maintain a stable nor-
malized permeability above 0.7 after multiple cycles, compared to the severe permeability
drops observed in other flux experiments. The high requirement of H2O2 concentration at
30 mL/L, is compensated by the lower catalyst and flux requirement. This ensured a highly
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efficient organic pollutant degradation without compromising the physical stability of the
ceramic membrane matrix. The requirement for a relatively high mass-based H2O2/TOC
ratio (8.5:1, for 30 mL/L H2O2) is highly associated with the complex chemical matrix of
winery wastewater. It consists of organic compounds, including polyphenols, tannins, and
complex organic acids, which naturally act as radical scavengers [2].

Among the experimental runs conducted in this study, experiment 2 was identified
as the optimal condition, yielding a TOC removal efficiency of approximately 70%, cor-
responding to a residual effluent TOC concentration of 586 mg/L. While this removal
performance is indicative of a meaningful reduction in organic load, the resulting effluent
concentration remains substantially above the permissible discharge thresholds established
by several international regulatory frameworks, highlighting the gap between current
treatment performance and compliance requirements. In South Korea, the Ministry of
Environment (MOE) determined discharge limits of organic compounds in industrial
wastewater, effective from 2022. Under this framework, the permissible TOC limit for
industrial effluent discharge ranges from 25 to 75 mg/L depending on the receiving water
body and facility classification [56]. Similarly, under the BAT-AELs established by Directive
2010/75/EU of the European Parliament and of the Council, the annual average TOC
concentration in treated effluents generally ranges from 10 to 33 mg/L. These compara-
tive findings collectively indicate that while the treatment system evaluated in this study
demonstrates substantial organic load reduction, a single-stage treatment configuration
is insufficient to achieve effluent quality that meets international discharge standards for
direct release into surface water bodies.

4. Conclusions
Based on this study, there are several interesting findings related to a combined

membrane–Fenton process:

• The augmentation of iron oxide with coal fly ash was able to be utilized as a Reuse
material for the Fenton process.

• A sequence of 16 experiments planned according to a CCD design study demonstrated
that the hybrid Fenton–membrane process was able to remove 90% of color and 70%
of TOC. However, iron residue of up to 12 mg/L persisted in the membrane permeate
in several cases due to the catalysts’ leaching process. Pollutant removal was achieved
through the combination of Fenton oxidation and membrane filtration operating pa-
rameters. Based on the multi-factorial analysis, flux was identified as the most critical
factor influencing TOC removal (p = 0.00148), followed by the synergistic interaction
between H2O2 and catalyst dosage in the heterogenous Fenton reaction. To achieve
a balance between high treatment efficiency and membrane stability, the optimal
operational conditions were determined to be a flux of 40 LMH, H2O2 30 mL/L, and
1000 mg/L of catalyst (experiment 2). Under these conditions, the system maintains a
stable normalized permeability above 0.7 after multiple cycles while achieving high
organic pollutant degradation.

• Further analysis using JMP 18 software identified flux as the most probable significant
factor influencing the removal of TOC. Unfortunately, a lack of fit data prevented the
development of a reliable predictive model to optimize the process parameters for
enhanced color removal and iron residue modeling.

• In the hybrid heterogeneous Fenton and membrane filtration process, the lower flux
filtration was found to result in less membrane fouling in comparison to higher
flux filtration. Moreover, severe membrane fouling was related to better membrane
retention and indicates a deposition of organic matter, iron, and fly ash during the
filtration process. In practical applications, while the objective is to operate at the
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highest possible flux with minimal fouling, this study demonstrates that a trade-off
exists. As shown in Figure 6b,c, higher flux operations resulted in a more pronounced
flux decline although it produced better permeate quality and quantity. This confirms
that high-volume treatment targets must be balanced against the operational costs
associated with membrane fouling and lifespan. Therefore, the application of the
hybrid heterogeneous Fenton and membrane reactor needs to be adjusted to the scale
of industrial wine wastewater production in order to determine the priorities of the
treatment process.

• This research is limited to a laboratory-scale evaluation using a Central Composite
Design (CCD) framework under the Design of Experiments (DoE) introduced by
Kleppmann. The primary objective was to assess the hybrid system using a minimized
number of experimental runs combined with statistical tools that successfully indicate
the most probable factors affecting the system’s performance. Additionally, because
the investigation was designed to evaluate the hybrid process as one integrated
treatment, the intermediate residual H2O2 concentration after the oxidation phase
was not experimentally determined, representing an analytical boundary of this work.
Within this context, the statistical analysis derived from the software serves primarily
as a macro-performance indicator for trend identification, and a multitude of other
dynamic environmental variables must be accounted for in real-world applications.

• As a lab-scale study, the operational behaviour of the laboratory equipment—specifically
the auxiliary feed pumps and low-volume fluid transport lines—differs significantly
from full-scale industrial facilities in terms of mechanical efficiency, hydraulic shear,
and power consumption scaling.

• To further enhance the holistic viability of this treatment method, future efforts should
move beyond the lab scale to investigate dynamic feed pulsing strategies, precise
energy-use modelling for industrial pumps, advanced surface modifications of the coal
fly ash protective matrix to systematically suppress long-term membrane fouling, and
further treatment for the effluent pH and iron concentration adjustments. Accordingly,
systematic assessments of catalyst reusability and their extended chemical stability
across sequential runs should be prioritized in subsequent studies.
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Appendix A
Appendix A.1

The characteristics of greywater obtained from a domestic wastewater treatment plant
(WWTP) in South Jakarta, which was subsequently used as a constituent in the preparation
of synthetic winery wastewater.
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Table A1. Wastewater (greywater) characteristics.

Parameter Unit Value

pH - 6.5
COD mg/L 55

Total Iron mg/L 2
Color Pt-Co 20

Appendix A.2

Figure A1. A total of 2 g/L FA-Fe3O4 performance in adsorption (absence of H2O2) and Fenton.

Appendix A.3

Figure A2. Cake Layer on membrane surface at different filtration fluxes: (a) 40 LMH and (b) 80 LMH.
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Appendix A.4

Table A2. Pump Operational Parameters During Filtration.

Pump Information

Brand longer

type BT 100-1F

power supply 40 watt

Filtration duration

15 mins

0.25 hour

Energy used

10 Wh

0.01 kWh

Table A3. Specific energy consumption calculation.

Flux (L/m3/h) Pump Flow Rate
(L/h)

Volume During
15 min Filtration m3

Specific Energy
Consumption (kWh/m3)

40 0.05 0.0000125 800

60 0.08 0.00002 500

80 0.1 0.000025 400

Appendix A.5

Figure A3. Comparison of the performance of FA and FA-Fe3O4 in heterogenous Fenton reaction
with H2O2:COD 1:1.
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Appendix A.6

Table A4. PSA result of FA-Fe3O4: Frequency Cumulative.

Diameter (nm) Frequency (%) Frequency Cumulative (%)

43 0 0

47 0 0

51 19.6 19.6

56 20.9 40.5

61 18.6 59.1

66 14.6 73.7

72 10.4 84.1

79 6.9 91.0

86 4.2 95.2

93 2.4 97.6

102 1.3 98.9

111 0.7 99.6

121 0.3 99.9

132 0.1 100.0

143 0 100.0

156 0 100.0

Table A5. PSA result of FA-Fe3O4: Contin Analysis.

Peak Diameter (nm) St.Dev

1 64.2 12.7

2 2073.50 442.7

3 0 0

4 0 0

5 0 0

Average 64.5 29.4

Table A6. PSA result of FA-Fe3O4: Cumulants Result.

Diameter (d) 2633.2 nm

Polydispersity Index (P.I) 1.024

Diffusion Const 1.868 × 109 cm2/s
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Appendix A.7

 

 

Figure A4. JMP 18 result for color removal. The symbol (∗) denotes a cross interaction term between
two operating parameters (H2O and Catalyst). The black circular markers represent the actual
experimental data points, the solid red diagonal line denotes the ideal linear fit (y = x), the shaded red
region signifies the 95% confidence curves for the model, and the horizontal solid blue line represents
the overall sample mean of the response.

Appendix A.8

 

 

Figure A5. JMP 18 result for iron concentration. The symbol (∗) denotes a cross interaction term
between two operating parameters (H2O and Catalyst), while the symbol (ˆ) indicates individual
main effects that are contained within that interaction effect listed above them. The black circular
markers represent the actual experimental data points, the solid red diagonal line denotes the ideal
linear fit (y = x), the shaded red region signifies the 95% confidence curves for the model, and the
horizontal solid blue line represents the overall sample mean of the response.
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Appendix A.9

Figure A6. Response surface plot for TOC removal: (a) H2O2 vs. Catalyst, (b) H2O2 vs. Flux,
and (c) Flux vs. Catalyst [3]. The continuous color gradients illustrate smooth, progressive transi-
tions in TOC degradation efficiency across the experimental boundaries, indicating a predictable
empirical trend.

Appendix A.10

Figure A7. pH Changes in permeate pH after the filtration process across the 16 experimental runs.

Appendix A.11

 
(a) 

 
(b) 

Figure A8. JMP 18 Software analysis (a) Residuals by predicted plot (b) studentized plot analysis.
The black circular markers represent individual residuals, while the horizontal solid blue line denotes
the zero-residual baseline. The single red marker at the center coordinates signifies the unbiased
mean value of the residuals (0.00). Studentized residual plot for outlier screening. The black circular
markers represent the studentized residual values. The two horizontal solid red lines establish the
statistical control boundaries, confirming the absolute absence of critical outliers in the data.
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