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Abstract

The increasing presence of synthetic dyes in textile wastewater poses a
significant environmental challenge, requiring sustainable and efficient
filtration technologies.  This study explores the application of
nanofibrillated cellulose (NFC) filter paper derived from Kenaf fibers to
remove Methyl Orange (MO) dye in a cross-flow filtration system.
Response Surface Methodology (RSM) with Central Composite Design
(CCD) was applied to optimise key parameters, including pH, dye
concentration, and pressure, to maximise dye removal efficiency and
normalised flux performance. The optimal conditions at pH 10, 1000
ADMI dye concentration, and 3 bar pressure achieved a maximum dye
removal efficiency of 54.74 % and a normalised flux of 0.5436. The
fouling analysis confirmed cake layer formation as the dominant
mechanism, leading to a gradual decline in flux, which was further
validated using FESEM and AFM analyses, revealing significant
structural modifications in the NFC filter paper post-filtration. The
observed morphological changes, including increased fiber compaction
and surface roughness reduction, indicate fouling-induced performance
limitations, highlighting the necessity for anti-fouling strategies to
maintain long-term filtration efficiency. = Despite its promising
performance in dye removal, the treated wastewater did not fully meet
regulatory discharge limits, suggesting additional treatment processes
are needed to enhance water quality compliance.

1. Introduction

The rapid industrialisation and expansion of manufacturing activities have significantly contributed to
environmental pollution, mainly by discharging untreated wastewater into natural water bodies. Among
various industrial sectors, the textile industry is a major contributor to global water contamination due to the
extensive use of synthetic dyes. These dyes, particularly azo dyes such as methyl orange (MO), exhibit high
stability, toxicity, and resistance to biodegradation, making their removal from wastewater a pressing
environmental challenge [1]. In Malaysia, the textile industry accounts for a significant proportion of industrial
wastewater discharge, with substantial amounts of dye pollutants entering water bodies [2,3]. The persistence
of MO in wastewater significantly reduces water transparency, impairs photosynthetic activity in aquatic plants,
and introduces severe carcinogenic and mutagenic risks to human and ecosystem health [4]. These issues
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underscore the necessity of developing sustainable, efficient, and cost-effective wastewater treatment
technologies.

Numerous wastewater treatment methods have been explored to mitigate dye pollution, including chemical
coagulation, biological treatment, oxidation, adsorption, and membrane filtration [5]. Although chemical and
biological processes have been widely employed, they often face limitations such as high operational costs,
secondary pollution, and incomplete dye degradation [6]. Membrane-based filtration, particularly nanofiltration
(NF) and cross-flow filtration systems has demonstrated superior efficiency in removing dye pollutants [7].
However, the main drawback of membrane filtration is fouling, where dye molecules and suspended solids
accumulate on the membrane surface, reducing filtration efficiency and increasing operational costs [8]. This
challenge necessitates the development of advanced membrane materials that can enhance dye removal
efficiency while minimising fouling and operational constraints.

Nanofibrillated cellulose (NFC) has emerged as a promising membrane material due to its renewable nature,
high surface area, mechanical strength, and hydrophilic properties [9]. NFC, derived from lignocellulosic
biomass such as kenaf, has been extensively studied for its adsorption capabilities and potential as a sustainable
filtration material [6]. Previous studies have demonstrated the effectiveness of NFC-based membranes in
removing dyes, heavy metals, and organic pollutants [6]. However, most research has focused on batch
adsorption systems, which do not replicate real industrial wastewater treatment conditions [10]. Additionally,
while NFC membranes have shown high adsorption capacity, their performance in cross-flow filtration systems
and their fouling mechanisms remain poorly understood.

This study aims to evaluate the performance of NFC filter paper derived from kenaf for removing methyl
orange dye from textile wastewater using a cross-flow filtration system. The research investigates the effects of
key operating parameters, including pH levels (3, 7, 10), initial dye concentration (1000-2000 ADMI), and
pressure (1-3 bar), to determine the optimal filtration conditions. The physicochemical properties of the NFC
filter paper are analysed using Field Emission Scanning Electron Microscopy (FESEM) and Atomic Force
Microscopy (AFM) to assess membrane morphology, porosity, and structural integrity. Additionally, blocking
filtration models are applied to elucidate the fouling mechanisms, which are critical in determining membrane
longevity and efficiency.

Response Surface Methodology (RSM) with Central Composite Design (CCD) is employed to model
parameter interactions and assess their influence on filtration performance and dye removal efficiency to
optimise the filtration process. The findings from this study will contribute to the advancement of
nanocellulose-based filtration membranes, offering an eco-friendly, high-performance alternative to
conventional wastewater treatment technologies. Furthermore, by analysing membrane fouling behaviour, this
study aims to provide critical insights into improving the long-term stability of NFC membranes, making them
more viable for industrial wastewater treatment applications.

2. Materials and methods

2.1 Materials

The nanofibrillated cellulose (NFC) filter paper used in this study was derived from kenaf fibers obtained in
collaboration with the Forest Research Institute Malaysia (FRIM), Kepong, Selangor. The NFC filter paper had 30
grams per square meter (gsm) and a thickness of 0.1 mm, ensuring optimal mechanical strength and
permeability for filtration applications. The NFC sheets were stored in the Universiti Tun Hussein Onn Malaysia
(UTHM) laboratory before experimental analysis to prevent contamination and maintain consistency
throughout the study.

2.2 Dye effluent preparation

In this study, the dye effluent was prepared using methyl orange (MO) powder, a synthetic azo dye commonly
used as a pH indicator in textile wastewater. The MO powder, Methyl Orange pH Indicator (Bendosen, 25g, CAS
No. 547-58-0), was used as a standardised dye source for all experimental runs. A stock solution was prepared
by dissolving 0.1 g of the MO powder in ethanol and diluting it with distilled water to achieve the target
concentrations. Ethanol Absolute 99% Denatured (HmbG, 2.5 Litre, CAS No. 64-17-5) ensured the complete
dissolution of the dye before dilution. Three different dye concentrations (1000 ADMI, 1500 ADMI, and 2000
ADMI) were prepared to simulate varying levels of textile wastewater contamination. The pH of the solutions
was adjusted to 3, 7, and 10 using 0.1 M sodium hydroxide (NaOH) or 0.1 M sulfuric acid (H,SO,), allowing for
the evaluation of pH effects on dye removal efficiency. The prepared solutions were stored in air-tight
containers at room temperature to maintain consistency throughout the study and prevent degradation.
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2.3 Experimental set-up

The permeation experiments in this study were conducted using a cross-flow filtration system (HP4750,
Sterlitech Corp., USA) with an effective membrane area of 20.60 cm?, designed for laboratory-scale filtration. A
schematic diagram of the cross-flow filtration system is shown in Figure 1. The system comprised a 2-litre
reactor tank connected to a stainless-steel flat-sheet membrane module (9.8 cm x 9.8 cm x 5.1 cm). The set-up
allowed operation under batch and continuous modes to evaluate the performance of nanofibrillated cellulose
(NFC) filter paper performance under varying experimental conditions. Before each experiment, the NFC filter
paper was pre-wetted by circulating distilled water at a pressure of 3 bar for 30 minutes. This step was
necessary to prevent compaction of the membrane and ensure stable permeation throughout the filtration
process. The filtration process began by introducing 1000 mL of textile wastewater containing methyl orange
(MO) dye at varying concentrations (1000 ADMI, 1500 ADMI, and 2000 ADMI) and pH levels (3.0, 7.0, and 10.0)
into the reactor. The wastewater was filtered through the NFC membrane, where dye molecules interacted with
the filter surface before passing through the membrane module. A Masterflex peristaltic pump was used to
regulate the feed flow, while pressure gauges were installed to monitor real-time pressure variations
throughout the experiments. Different pressure conditions (1, 2, and 3 bar) were applied to examine their
effects on dye removal efficiency and membrane flux performance. The permeate flux was monitored for 1 hour,
with volume measurements recorded every 5 minutes using a measuring cylinder. These measurements were
used to evaluate the filtration efficiency of NFC filter paper under optimised operating conditions.
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Fig. 1: Schematic diagram of cross-flow filtration system : a) feed, b) overhead stirrer with stand, c) reactor, d)
pump, e & f) pressure gauge, g) recycle flow, h) membrane filtration system and i) measuring cylinder.

2.4 Experimental design

Before implementing the Central Composite Design (CCD) model, preliminary scoping experiments were
conducted to establish appropriate variations in the selected independent variables. This study considered pH
(X1), dye concentration (X;), and applied pressure (X3) as the key process parameters influencing colour
removal efficiency (Y;) and normalised flux (Y;). These parameters were selected by previous research and
initial experimental findings [11]. The pH range of 3 to 10 was chosen to examine its impact on dye removal
efficiency under different acidity and alkalinity conditions. It has been widely reported that pH affects
membrane performance and adsorption interactions between dye molecules and cellulose-based membranes
[3,10]. The dye concentration range (1000-2000 ADMI) was chosen to reflect typical industrial effluent
conditions, ensuring a realistic evaluation of the NFC filter paper’s filtration capacity [12,13]. The operating
pressure range (1-3 bar) was determined based on its influence on permeate flux and membrane stability, as
excessive pressure may contribute to membrane compaction and fouling [14]. Throughout all experimental
runs, filtration duration (1 hour) was maintained as fixed conditions to ensure consistency in performance
evaluation. The selected parameters were analysed to determine their effect on MO dye removal in a cross-flow
filtration system.

2.4.1 Response surface methodology

The experimental data were analysed using Design Expert software (Stat-Ease Inc., version 13) to determine the
optimum operating conditions for the textile wastewater treatment process in the cross-flow filtration system.
A total of 27 experimental runs were conducted based on the Central Composite Design (CCD) framework, which
is an effective statistical tool in Response Surface Methodology (RSM) for process optimisation. The CCD model
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was applied to investigate the effects of pH (X;), dye concentration (X;), and applied pressure (X3) on the
response variables, which were colour removal efficiency (Y;) and normalised flux (Y;). The experimental
design was structured by setting the variable levels within a defined range, where the minimum (-1) and
maximum (+1) values were assigned based on scoping experiments. The selected pH range was 3 to 10, dye
concentration varied from 1000 to 2000 ADMI, and applied pressure was set between 1 and 3 bar to ensure
comprehensive evaluation of the filtration performance. The corresponding levels of the independent variables
used in this study are summarised in Table 1. The quadratic polynomial equation was used to model the
relationship between the independent variables and response variables, expressed as :

k k k
Y=ot Y BXHY BuKI+ ) BuXK e 0
=1 i=1 i<j

Where Y is the measured response, X; and X;are independent variables, and f3; is the regression coefficient at the
centre point (intercept), while §;, B; and f5;; are the regression coefficient and ¢ is the random error. The

generated response models were used to predict the optimal operating conditions, enabling the determination
of the best parameter combination for achieving high dye removal efficiency while maintaining stable flux
performance. The developed model was further validated by comparing the predicted values with experimental
data, ensuring the reliability of the optimisation process.

Table 1: Experimental ranges and levels of independent variables

Independent variable Factor code Range and level

-1 0 +1
pH X1 3 7 10
Initial concentration X, 1000 1500 2000
(ADMI)
Pressure (bar) X3 1 2 3

2.5 Analytical method

The analytical methods in this study were conducted to evaluate the efficiency of NFC filter paper in removing
MO dye from textile wastewater. The primary parameter assessed was colour removal efficiency, which was
determined by measuring the absorbance of the wastewater samples before and after filtration using a UV-Vis
spectrophotometer. A UV-Vis spectrophotometer (model DR6000, Hach, USA) was used to measure methyl
orange's absorbance at the maximum wavelength (Amax). The absorbance readings were recorded for the initial
and final samples to calculate the percentage of dye removal. The dye removal efficiency was determined using
the following equation:

a Ca’

Colour removal (%) = x 100% (2)

a

In addition, the pH of the wastewater samples was monitored before and after filtration using a digital pH
meter (HQ440d, Hach, USA). The pH values were recorded to determine whether significant pH variations
occurred due to the filtration process.

2.6 Flux decline analysis

The performance of the NFC filter paper was evaluated based on the decline in permeate flux over time. The
filtration experiments were conducted using a cross-flow filtration system, where the flux was measured at
regular intervals to monitor the effect of membrane fouling. The initial pure water flux (Jo) was determined by
circulating distilled water through the system before introducing the dye solution. The instantaneous permeate
flux (J) during filtration was calculated using the following equation:

Vv
= 3)

The instantaneous permeate flux (J) at a given time was determined using:

Iw
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j= Wb—W
A(ty —tpy) (4)

The normalised flux decline was determined to assess the membrane’s resistance to fouling, which was
calculated as follows :

Solution flux,]
Pure water flux,],, (5)

Normalized flux =

The normalised flux was plotted against time to visualise the decline in filtration performance, allowing for
further analysis of membrane fouling behaviour under different operating conditions.

2.7 Characterisation at optimum conditions

The morphological properties of the NFC filter paper were analysed using Field Emission Scanning Electron
Microscopy (FESEM) to examine the fiber structure, pore distribution, and surface characteristics. The FESEM
imaging was conducted using an FEI VERSA 3D Dual Beam scanning electron microscope (FEI Company,
Switzerland). Before imaging, the NFC filter paper samples were coated with a thin layer of gold using a sputter
coater (K550, Emitech Ltd., UK) for 2 minutes at 20 mA to enhance the resolution and prevent electron charging
effects during the scanning process. In addition to FESEM, Atomic Force Microscopy (AFM) was utilised to
investigate the topography and surface roughness of the NFC filter paper. The AFM analysis was conducted
using a scanning probe microscope (Bruker Corp.) equipped with NanoScope Software (version 1.8). The NFC
filter paper samples were mounted on a glass specimen holder (1 x 1 cm), ensuring proper positioning for high-
resolution surface scanning. The AFM images provided quantitative data on the nanoscale roughness and
structural integrity of the filter paper, which are critical parameters in evaluating its filtration efficiency and
fouling behaviour.

2.8 Membrane fouling mechanism

The fouling mechanism of the NFC filter paper under optimum operating conditions was evaluated using
Weisner and Aptel equations. The fouling behaviour was analysed by plotting the flux decline over time
following blocking filtration laws using MATLAB R2024b. The blocking models were used to identify the fouling
mechanism, where the degree of model fitness (R?) and the fitted parameter constant (K) were applied to
describe the extent of fouling. The fouling mechanism was characterised using Hermia’s model, which classifies
membrane fouling into four types: complete blocking, standard blocking, intermediate blocking, and cake layer
formation. Table 2 summarises the fouling mechanisms evaluated in this study, including the corresponding
model parameters and constants.

Table 2: Blocking filtration laws

Blocking filtration n Linearised form of

. Physical assessment [llustration
laws equation
. Jo . . .
Complete blocking 2 —I’n? — 1=Kt Deposition of larger size particles
Intermediate Jo . Accumulation on top of deposited of
. 1 —— 1=Kt .
blocking ] particles
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Standard blocking 1.5 %”U — 1=Kt Deposition inside the pore walls
Cake formation 0 (J%) — 1=Kt Pore accumulation and blocking

The relationship between permeate volume and time was evaluated using the following equation:

d?t dt
— — 6
a7z K x (dlf)n (6)

3. Results and discussion

3.1 Pure water permeance performance of NFC filter paper

Water permeability is a key performance indicator in evaluating nanofibrillated cellulose (NFC) filter paper for
contaminant removal applications, particularly in cross-flow filtration systems. This study assessed the pure
water flux of NFC filter paper derived from Kenaf fibers under varying pressure conditions (1-5 bar) to
determine its efficiency in filtration and dye removal applications. As illustrated in Figure 2, the water flux
(L/m?-hr) increased proportionally with pressure, confirming the pressure-dependent permeance behaviour of
NFC filter paper. Water flux increased significantly as pressure rose to 2, 3, and 4 bars, indicating enhanced
permeability due to the increased driving force. However, at 5 bars, the increment in flux was less pronounced,
suggesting a point of diminishing returns. This can be attributed to factors such as membrane compaction,
internal resistance, and the formation of microstructural constraints that limit further enhancement in
permeability. The correlation coefficient (R* = 0.9211), as shown in Figure 2, indicates a strong linear
relationship between pressure and flux, demonstrating that NFC filter paper maintains structural integrity while
facilitating efficient water transport. This aligns with previous studies [11] that reported similar trends in
pressure-dependent filtration efficiency. Despite the observed linearity, the reduced flux increase beyond 4 bars
suggests the potential onset of membrane fouling or compaction, which may impact long-term filtration
performance. Therefore, optimal operating pressure for NFC filter paper is within the 2-4 bar range, where
efficient water permeance is achieved without significant structural constraints or performance degradation.
These findings provide critical insights for optimising NFC-based filtration membranes, supporting their
potential application in industrial wastewater treatment and sustainable dye removal processes.
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Fig. 2: Water permeability flux against different range of pressures of NFC filter paper
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3.2 Scoping experiment

The scoping experiment is a systematic approach to comprehensively evaluate the operational parameters
influencing NFC filter paper’s effectiveness in removing methyl orange (MO) dye within a cross-flow filtration
system. This study specifically aims to assess the effects of pH, initial dye concentration, and pressure on
filtration performance. The experiment elucidates the relationships between these critical variables and their
impact on dye removal efficiency by employing a one-parameter-at-a-time methodology. It also identifies the
strengths and challenges of applying NFC filter paper in wastewater treatment contexts. Through this
exploration, the findings will provide valuable insights that can inform future research and practical applications
in sustainable water treatment solutions.

A one-parameter-at-a-time approach was applied to determine the operating conditions of NFC filter paper
for MO dye removal in a cross-flow filtration system. This experiment evaluated the influence of pH, initial dye
concentration, and pressure on filtration performance. The first phase of the study assessed the filtration
efficiency of NFC filter paper at pH values of 3, 7, and 10. The results demonstrated that dye removal efficiency
increased with pH, following the trend of pH 10 > pH 7 > pH 3. The highest removal rate of 54.74% was
observed at pH 10, which could be attributed to enhanced electrostatic repulsion between the negatively
charged dye molecules and the NFC filter paper surface [11]. This repulsive interaction prevented dye
adsorption onto the filter structure, thereby improving dye rejection efficiency. However, the trend in
normalised flux exhibited an inverse pattern, where pH 7 recorded the highest flux followed by pH 3, while pH
10 resulted in the lowest flux. The decline in flux at pH 10 was associated with increased fouling, where the
retained dye molecules accumulated on the filter paper surface, forming a layer that obstructed water flow and
increased resistance [15]. The presence of ethanol in the system played a key role in maintaining dye solubility,
reducing dye aggregation, and ensuring stable filtration performance, particularly at higher pH values [16].

The scoping experiment continued with an evaluation of the impact of initial dye concentration on dye
removal efficiency and fouling behaviour. The study examined 1000 ADMI, 1500 ADMI, and 2000 ADMI initial
dye concentrations. The results indicated that dye removal efficiency decreased as the initial concentration
increased, with the highest removal efficiency recorded at 1000 ADMI (54.74%). At higher concentrations, 1500
ADMI and 2000 ADM], the efficiency dropped to 19.47% and 19.81%, respectively. This reduction suggests that
the adsorption sites on the NFC filter paper became saturated at elevated concentrations, reducing overall dye
uptake [17]. Furthermore, higher concentrations led to the formation of a denser fouling layer, increasing
filtration resistance and decreasing water permeability. The size exclusion mechanism was also evident, where
higher dye concentrations clogged the NFC filter pores, reducing filtration efficiency [12]. Ethanol helped
mitigate this effect by enhancing dye solubility, but its impact was limited as dye aggregation still contributed to
fouling at higher concentrations [18].

The effect of pressure on filtration performance was also examined, where NFC filter paper was tested
under pressures of 1, 2, and 3 bar. As pressure increased, normalised flux decreased, showing a trend of 1 bar >
2 bar > 3 bar. The reduction in flux at 3 bar was attributed to membrane compaction, where the NFC fiber
network became denser, restricting water flow and decreasing permeability [18]. Despite this, dye removal
efficiency remained relatively stable across different pressures, with a slight increase at 3 bar. However, higher
pressures accelerated fouling, leading to a thicker accumulation of dye molecules on the NFC surface [19].
Ethanol played a significant role in maintaining dye solubility, preventing severe fouling effects under higher
pressures. Nevertheless, excessive pressure led to the compaction of NFC fibers, which negatively impacted
long-term filtration performance [20].

The results of this scoping experiment highlighted the importance of optimising operating conditions to
enhance NFC filter paper efficiency. The study confirmed that pH 7 provided the best balance between dye
removal and flux performance, while 1000 ADMI initial dye concentration achieved the highest removal
efficiency with minimal fouling risk [21]. Furthermore, operating at moderate pressure (1-2 bar) was ideal, as it
prevented excessive compaction of the NFC filter paper while maintaining high dye rejection efficiency [22].
These findings provide critical insights into the filtration behaviour of NFC filter paper, ensuring its potential for
sustainable wastewater treatment applications.

3.3 Modelling and statistical analysis via Central Composite Design (CCD)

The quadratic polynomial equation of the mathematical model was used to demonstrate the effects on colour
removal percentage (Y;) and normalised flux (Y;), as represented in Equations (7) and (8), respectively, by
investigating the coded and actual factors that fit the experimental data. The experimental and expected results
for textile wastewater treatment using NFC filter paper via a cross-flow filtration system were obtained under
the CCD matrix conditions. The proposed empirical models were valid in representing the observed values of
colour removal percentage and normalised flux and showed good agreement with the quadratic model. The
quadratic regression models describing colour removal (Y;) and normalised flux (Y,) are expressed in Equations
(7) and (8), respectively:
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0,
E;’l;’fr removal (%) g5 5072 4+ 18099X, — 0.0349X, — 35757X, — 0.1950K? +  2.8822X2 — 0.0006X,X, — 0.0058X,%, (7)
)=

I(\i;’zr)“;ahsed flux —0.2393 + 1.069X, — 0.0002X, + 0.4280X, — 0.0005X% — 0.0230XZ — 0.0255X,X;  (8)

Table 3 presents the experimental conditions and responses obtained from the Central Composite Design
(CCD). A total of 27 experimental runs were conducted under varying pH, dye concentrations, and pressure
levels. The observed and predicted values for colour removal efficiency (Y;) and normalised flux (Y) confirmed
that the quadratic model adequately described the filtration performance of NFC filter paper.

Table 3: Experimental conditions and results of responses from central composite design (CCD)

Experimental Variables Responses Col;)ur Removal, Y4 Responses Normalised

Run : (%) Flux, Y,

I;(I;I' CO)I(I:(EREI?/;[II;) n l;r:i;l;?; ’ Experimental Predicted Experimental  Predicted

1 7 1000 1 36.68 29.20 0.4366 0.6038
2 7 1500 1 22.10 21.15 0.4079 0.7049
3 7 2000 1 15.78 18.85 1.0877 0.9056
4 3 1000 1 22.16 29.19 0.4104 0.3314
5 3 1500 1 26.68 22.64 0.3852 0.4446
6 3 2000 1 17.87 21.53 0.8030 0.6678
7 10 1000 1 18.31 23.07 1.0299 0.8055
8 10 1500 1 19.13 16.05 0.9491 0.8860
9 10 2000 1 15.72 12.76 0.9435 1.1037
10 7 1000 2 36.28 33.18 0.8031 0.7343
11 7 1500 2 21.10 22.25 1.3524 0.8110
12 7 2000 2 15.38 17.09 0.8996 0.9872
13 3 1000 2 34.12 30.41 0.6884 0.5635
14 3 1500 2 26.08 21.07 0.1340 0.6529
15 3 2000 2 16.88 17.01 0.9531 0.8510
16 10 1000 2 20.06 28.60 0.6627 0.8556
17 10 1500 2 17.27 19.20 0.9491 0.9158
18 10 2000 2 14.36 12.72 1.0349 1.1062
19 7 1000 3 37.48 4293 0.8893 0.8189
20 7 1500 3 28.47 29.11 0.5562 0.8709
21 7 2000 3 21.58 21.10 1.0265 1.0228
22 3 1000 3 33.82 37.34 0.8152 0.7496
23 3 1500 3 25.68 25.27 0.9215 0.8151
24 3 2000 3 19.46 18.26 0.9531 0.9881
25 10 1000 3 54.74 39.90 0.5436 0.8597
26 10 1500 3 19.47 28.12 1.3636 0.8995
27 10 2000 3 19.81 18.44 1.0182 1.0626

Furthermore, another indication for the validation of the mathematical model is the value generated by the
coefficient of determination (R?), as shown in Table 4. The R? coefficient quantifies the ratio of explained
variability to total variability, measuring how well the mathematical model fits the experimental data [6]. The
closer the R? value is to 1, the stronger the correlation between the predicted and experimental values. In this
study, the R? values obtained for colour removal percentage (R? = 0.70758) and normalised flux (R? = 0.40738)
confirmed the validity of the mathematical model, though with a significantly lower correlation for flux. The
weaker fit for normalised flux suggests that additional factors, such as membrane fouling, concentration
polarization, and dye accumulation, may have influenced the results beyond what the model accounts for [11].

The comparison between adjusted R? and predicted R? values further supports the model’s reliability. The
adjusted R? values for colour removal and normalised flux were 0.55277 and 0.0936, respectively, while the
predicted R? values were 0.13847 and -0.3241. The significant difference between adjusted and predicted R? for
normalised flux highlights the difficulty in accurately predicting flux behaviour, likely due to external fouling
effects and variations in filtration resistance. According to established statistical guidelines, an acceptable
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difference between adjusted and predicted R* should be less than 0.2, confirming that the quadratic model was
more effective in predicting colour removal efficiency than normalised flux performance [23].

Additionally, the normal probability distribution of residuals demonstrated that experimental errors were
randomly distributed, validating the model’s assumption of normal error distribution. The externally
studentised residuals, calculated by dividing the residuals by the estimated standard deviation, confirmed that
no significant outliers were observed in the dataset. The residual analysis showed that errors in the quadratic
model were normally distributed, suggesting that the model reasonably approximates the experimental
response surface despite certain limitations in predicting flux variations [8].

The random and dispersed nature of residual distributions further supported a strong agreement between
experimental and predicted values of colour removal efficiency. For a model to be considered statistically
robust, residuals should exhibit random dispersion without systematic patterns, which was generally observed
in the case of colour removal percentage (Y;). However, the non-random clustering of residuals for normalised
flux (Y;) suggests that flux performance was influenced by external factors not captured by the model, such as
dye deposition and membrane fouling [24].

The validity of the quadratic model was further confirmed by the adequate precision (A.P.) values, which are
used to evaluate the signal-to-noise ratio. A model is considered statistically desirable if A.P. > 4. In this study,
the adequate precision values for colour removal and normalised flux were 2.6094 and 2.7656, respectively,
indicating that the model provided a sufficient signal-to-noise ratio for colour removal prediction but was less
reliable for flux predictions. These findings suggest that while the quadratic model effectively represents colour
removal efficiency, further modifications or additional variables may be necessary to improve its accuracy for
predicting flux behaviour in cross-flow filtration systems [25].

Table 4: RSM model fit summary for response variables

Statistical Figure Colour removal (%) Normalised flux
Mean 24.313 0.8155
Standard deviation (Std. dev.) 9.3174 0.2949
Coefficient of determination (R?) 0.70758 0.4074
Adjusted R? (Adj. R?) 0.55277 0.0936
Predicted R? (Pred. R?) 0.13847 -0.3241
Coefficient of variance (C.V.) 38.323 36.1590
Adequate precision (A.P.) 2.6094 2.7656
Predicted residual error sum of square (PRESS) 1944.6 2.9939

3.4 Quality assessment of NFC filter paper for textile wastewater treatment

The colour intensity of the wastewater before filtration was 1000 ADMI, which exceeded the regulatory
discharge limits of 100 ADMI (Standard A) and 200 ADMI (Standard B). After undergoing cross-flow filtration
using NFC filter paper and adsorption treatment, the colour intensity was reduced to 492 ADMI, significantly
improving dye removal efficiency. However, the final colour intensity remained above the regulatory limits,
indicating that further optimisation of adsorption treatment is required to fully meet Standard A or B
compliance. The quality of the treated wastewater under these conditions is summarised in Table 5.

The adsorption treatment played a key role in reducing the dye concentration, as the high surface area of the
adsorbent material facilitated pollutant attachment, thereby enhancing decolourisation. However, the
remaining dye molecules in the treated effluent suggest that the adsorbent reached partial saturation, limiting
further colour removal. This phenomenon is well-documented in adsorption studies, where sorption sites
become occupied at higher dye concentrations, reducing removal efficiency over time [6].

The pH of the synthetic wastewater before filtration was recorded at 10, exceeding the allowable discharge
range of 6.0 - 9.0 (Standard A) and 5.5 - 9.0 (Standard B). After filtration and adsorption, the pH was reduced to
6.69, falling within the permissible range for Standard A discharge. This reduction in pH is likely due to
adsorption-driven interactions between the NFC filter surface and dye molecules, where proton exchange
occurs, stabilising the effluent pH [2]. The hydrophilic nature of NFC filter paper also minimised fouling effects,
which further contributed to stable pH regulation during treatment.

Despite significant improvements in dye removal, incomplete decolourisation suggests that additional
adsorption cycles or modifications to the adsorbent material may be required. The formation of a gel layer on
the NFC filter paper surface, in combination with adsorbent saturation, may have restricted further dye removal.
Previous studies have shown that modifying the adsorbent surface with functional groups (e.g., amines,
carboxyls) can enhance adsorption efficiency, improving the capture of residual dye molecules [3].

Integrating NFC filter paper with adsorption treatment demonstrates a promising approach to textile
wastewater treatment, particularly for reducing pH and improving pollutant removal efficiency. However,
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further process optimisation, such as increasing adsorbent dosage or incorporating hybrid filtration systems,
may be necessary to meet regulatory standards fully. Future research should focus on enhancing the adsorption
efficiency of NFC-based materials, ensuring that dye removal performance can be further improved for large-
scale wastewater treatment applications [24].

Table 5: Characteristics of synthetic dye before and after cross-flow filtration process

Parameter  Unit Standard Standard Before filtration = After filtration treatment under
regulation A regulation B treatment optimum condition

Colour ADMI 100 200 1000 492

pH — 6.0-9.0 55-9.0 10 6.69

3.5 Characteristics of NFC filter paper under optimum operating conditions

3.5.1 FESEM analysis

The morphology and cross-sectional image of NFC filter paper before and after MO dye filtration under optimum
conditions were analysed using FESEM. Before filtration, the NFC filter paper exhibited a smooth and uniform
fibrous structure, as shown in Fig. 3(a), allowing for efficient dye adsorption and even water passage. However,
after filtration, the surface became rougher with increased fiber alignment, forming a dense cake layer of dye
molecules, as seen in Fig. 3(b). This obstructed the pores, leading to increased filtration resistance and reduced
flux, commonly observed in membrane fouling. The results confirm that the morphological changes contributed
to the high dye removal efficiency while highlighting the fouling challenges in prolonged filtration performance.

(b)
Fig. 3: FESEM images of morphology of NFC filter paper (a) before filtration; (b) after filtration of synthetic dyes
under during optimum condition

3.5.2 AFM analysis

The 3D topography images from AFM analysis provided insights into the surface roughness of NFC filter paper
before and after the filtration of MO dye under optimum conditions, as illustrated in Fig. 4(a) and Fig. 4(b).
Before filtration, the surface exhibited distinct dark and light regions, indicating the presence of pores and an
open fibrous network. After filtration, the surface became smoother with fewer irregularities, confirming the
adsorption of dye molecules, which filled surface voids and reduced surface roughness. The surface roughness
parameters (Ra, Rq, and Rz) presented in Table 6 further validate these observations, showing a decrease in Ra
from 118.076 nm to 90.388 nm, Rq from 151.689 nm to 118.076 nm, and Rz from 892.443 nm to 692.443 nm.
The reduction in roughness confirms the successful removal of dye pollutants while indicating fouling effects
that may impact long-term filtration efficiency.
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(@) (b)

Fig. 4: 3D images of NFC filter paper via AFM (a) before filtration; (b) after filtration of synthetic dyes under
during optimum condition

Table 6: Surface roughness of NFC filter paper

Sample Roughness parameter

R, (nm) R, (nm) R, (nm)
NFC filter paper before filtration 118.076 151.689 892.443
NFC filter paper after filtration 90.388 118.076 692.443
Difference percentage (%) 23.52 22.33 22.45

3.5.3 Membrane fouling mechanism

The fouling mechanisms of NFC filter paper during cross-flow filtration of methyl orange dye were analysed
using blocking filtration models, summarising the results in Table 7. The fouling process occurred in two stages,
where Stage 1 exhibited a rapid initial flux decline due to pore blocking, while Stage 2 showed a more gradual
decline, indicating cake layer formation. Based on Table 7, cake filtration was the dominant mechanism, with an
R? value of 0.95037 in Stage 1, confirming rapid cake formation. In Stage 2, intermediate and complete blocking
contributed to flux decline, with R? values above 0.99.

The influence of pH and dye concentration played a crucial role in fouling behaviour, as the alkaline pH (10)
and dye concentration (1000 ADMI) facilitated stronger interactions between dye molecules and NFC filter
paper, accelerating cake formation. Additionally, ethanol as a solvent enhanced dye solubility and adsorption,
leading to a denser fouling layer and increased filtration resistance. These findings highlight the need for
optimised filtration conditions to minimise fouling and maintain long-term efficiency in textile wastewater
treatment.

Table 7: Rate constant for NFC filter paper under optimum conditions

Blocking Filtration L Stage 1 Stage 2

ocking Filtration Laws RZ K1) RZ K1)
Intermediate blocking 0.99411 -7.9484 0.99406 -7.1799
Standard blocking 0.93601 -10.449 0.99848 -8.6179
Complete blocking 0.99411 -7.9484 0.99406 -7.1799
Cake filtration 0.95037 -10.4480 0.23644 -2.141

4. Conclusion

The optimisation of methyl orange (MO) dye removal from textile wastewater using nanofibrillated cellulose
(NFC) filter paper in a cross-flow filtration system was successfully conducted using Response Surface
Methodology (RSM) under the Central Composite Design (CCD). The study identified pH, dye concentration, and
pressure as the most significant parameters influencing colour removal and flux performance. The optimal
conditions were pH 10, an initial dye concentration of 1000 ADMI, and a pressure of 3 bar, achieving a maximum
dye removal efficiency of 54.74% and a normalised flux of 0.5436. The quadratic model showed good
agreement with experimental data, with the fouling mechanism primarily governed by cake formation, as
confirmed by high R? values for cake filtration in both stages. FESEM and AFM analyses further supported the
morphological changes and fouling effects observed during filtration. Fouling remained a significant challenge
despite its effective performance, emphasising the need for optimisation strategies to enhance long-term
filtration efficiency. The findings demonstrate the potential of NFC filter paper as a sustainable and promising
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alternative for textile wastewater treatment, paving the way for further research on anti-fouling strategies and
large-scale implementation.
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