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ABSTRACT 

Hospital wastewater frequently harbors multidrug-resistant Gram-negative bacteria, 
motivating eco-benign materials that couple adsorption with antibacterial function. We 
prepared activated carbon from sugarcane bagasse by carbonization and KOH activation and 
modified it with nano-TiO₂ (target loadings 5 and 10 wt%). FTIR revealed interfacial Ti–O–C 
features (1695/1572 cm⁻¹) and Ti–O–Ti vibrations (682 cm⁻¹), XRD showed anatase reflections 
(2θ ≈ 25.2°, 37.7°, 48.1°, 53.8°, 55.0°), and SEM–EDX confirmed surface decoration with more 
homogeneous dispersion at lower TiO₂ and incipient agglomeration at higher loading. 
Antibacterial activity was assessed by agar well-diffusion on Mueller–Hinton Agar under dark 
incubation (37 °C, 24 h) against clinical isolates of Escherichia coli, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa. Inhibition-zone ranges were 13.0–14.2 mm for E. coli, 10.0–14.5 mm for 
K. pneumoniae (carbon control highest), and 8.0–10.5 mm for P. aeruginosa (AC K(5)/Ti(10) 
largest). These species-dependent, moderate effects under non-photocatalytic conditions are 
consistent with interfacial acid–base/electrostatic interactions and adsorption rather than 
light-driven oxidation. Overall, TiO₂-modified, bagasse-derived activated carbon integrates 
adsorptive and antibacterial functions and is a promising candidate for hospital-wastewater 
treatment. Future work should optimize TiO₂ loading/immobilization, control pH/ionic 
strength, and evaluate performance under UV-A/visible illumination in continuous-flow 
systems to leverage adsorption–photocatalysis synergy. 
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1. Introduction 
Hospitals serve as facilities for healing and recovery. However, they can also 

become potential sources of infectious disease transmission. One of the major routes of 
disease spread is hospital wastewater, which has been shown to contain various 
pathogenic bacteria such as Enterobacter cloacae, Bacillus sp., Klebsiella oxytoca, and 
Escherichia coli. Previous studies have reported that the number of coliform bacteria in 
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hospital wastewater can reach up to 2.4 × 10³ MPN/100 mL, indicating a high risk of 
environmental contamination and threats to public health [1],[2]. 

In Indonesia, hospital wastewater treatment generally relies on chemical 
disinfectants. Although effective, long-term use of these disinfectants can negatively 
impact the environment and promote the development of bacterial resistance to 
antibiotics. This condition necessitates the development of environmentally friendly 
antibacterial materials capable of addressing resistance issues [3]. 

One promising material is activated carbon, which possesses a large surface area 
and high porosity and can be synthesized from agricultural waste such as sugarcane 
bagasse. However, the antibacterial activity of activated carbon remains limited due to 
its weak mechanical properties. Conversely, nano-TiO₂ is well known for its 
photocatalytic activity that can damage bacterial cell walls, but it tends to aggregate, 
thereby reducing its effectiveness [4]. 

The modification of activated carbon with nano-TiO₂ is expected to overcome the 
limitations of each material. This combination has the potential to produce a composite 
material with both high adsorption capacity and enhanced antibacterial activity. Several 
studies have demonstrated the successful incorporation of TiO₂ into various matrices; 
however, research on the utilization of sugarcane bagasse–based activated carbon 
modified with nano-TiO₂ as an antibacterial agent for hospital wastewater treatment 
remains very limited. Therefore, this study was conducted to develop activated carbon 
derived from sugarcane bagasse modified with nano-TiO₂ and to evaluate its 
antibacterial activity against Gram-positive and Gram-negative bacteria isolated from 
hospital wastewater [4],[5],[6]. 

 
2.  Methods 
Study site and samples 

Hospital wastewater used as the antibacterial test matrix was collected from 
Hospital “X” (Kediri City) following aseptic procedures and transported on ice for 
immediate processing. Clinical isolates of Escherichia coli, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa were obtained from the same wastewater source and identified 
according to the local laboratory workflow as reported previously for this setting [3]. 
Sugarcane bagasse, used as the activated-carbon precursor, was sourced from Srikaton 
Village, Papar District, Kediri Regency, Indonesia, consistent with prior bagasse-to-
carbon studies [5],[9],[10]. 
Preparation of biochar (carbonization) 

Bagasse was thoroughly washed with tap water followed by distilled water, 
oven-dried (105 °C, 24 h), and milled. The feedstock was carbonized in a muffle furnace 
(400–900 °C, 1 h) under limited air access. The carbonized product was cooled in a 
desiccator and sieved to 100-mesh, following temperature windows commonly used for 
lignocellulosic carbons [5],[9],[10]. 
Chemical activation 

Carbonized bagasse was chemically activated by immersion in 10% (w/v) KOH 
at a solid–liquid ratio of 1:5 (w/v) with magnetic stirring (24 h). The suspension was 
vacuum-filtered, repeatedly washed with hot distilled water to near-neutral pH, and 
oven-dried at 105 °C (24 h). KOH activation is a well-established route to increase 
microporosity and surface functionality in biomass-derived carbons [5], [9], [10]. 
TiO₂ modification of activated carbon 

Activated carbon was modified using titanium(IV) tetraisopropoxide (TTIP) as a 
precursor to form TiO₂ on the carbon surface. Briefly, carbon was immersed in TTIP 
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solution to obtain targeted TiO₂ loadings of 5 wt% and 10 wt% at a solid–liquid ratio of 
1:5 (w/v), stirred for 2 h, then thermally treated at 200 °C for 30 min to 
hydrolyze/condense the precursor. The solid was washed with distilled water and dried 
at 60 °C for 5 h, yielding composites designated KATiO₂-5 and KATiO₂-10. TiO₂ 
functionalization of carbon supports is a common strategy to couple adsorption with 
(photo)antibacterial functionality [4],[16],[21] 
Safety note: TTIP is moisture-sensitive; all handling was performed in a fume hood with 
appropriate PPE. 
Material characterization 

Functional groups were analyzed by FTIR; crystalline phases by X-ray diffraction 
(XRD); and surface morphology/elemental composition by scanning electron 
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX). These 
techniques provide complementary evidence of TiO₂ anchoring on carbon supports and 
are standard for AC/TiO₂ composites [4],[15],[21]. 
Antibacterial assay (well diffusion) 

Antibacterial activity was assessed on Mueller–Hinton Agar (MHA). Inocula of 
E. coli, K. pneumoniae, and P. aeruginosa were prepared from fresh cultures, adjusted to 
0.5 McFarland, and lawn-spread with sterile swabs; plates were allowed to dry for 10–
15 min. Composite powders were UV-sterilized (30 min per side in a biosafety cabinet) 
and aseptically suspended in sterile physiological saline 0.90% (w/v) to 100 mg/mL. 
Wells (6 mm) were punched with a sterile borer; 50 µL of suspension was dispensed into 
each well with ≥ 24 mm spacing between wells to avoid overlapping diffusion. Controls 
were: negative—50 µL sterile saline; matrix—50 µL suspension of activated carbon 
without TiO₂ (100 mg/mL); positive—ciprofloxacin 5 µg disk (CLSI standard) placed on 
the same plate as a diffusion benchmark. Plates were incubated 24 h at 37 °C in the dark 
(no light activation). Inhibition zones were measured as edge-to-edge clear-halo 
diameter (mm) along three orthogonal axes using a digital caliper, and reported as mean 
± SD from n = 3 independent plates per treatment. Use of carbon-based antibacterial 
references and TiO₂-containing materials aligns with prior antibacterial materials 
research [4],[15], [21]. 
Data processing and statistics 

Numerical data are reported as mean ± SD from three independent plates per 
treatment. Inhibition zones were measured as edge-to-edge diameters (mm) and 
averaged per plate. Where applicable, between-group comparisons were evaluated 
using one-way ANOVA (or Kruskal–Wallis for non-normal data), followed by 
appropriate post-hoc tests at α = 0.05. All figures and the schematic workflow are shown 
in Figure 1 and subsequent figures. 
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Figure 1. Workflow of TiO₂-modified activated carbon from sugarcane bagasse: (I) 
activated-carbon synthesis; (II) TiO₂ surface modification; (III) characterization (FTIR, 

XRD, SEM–EDX); (IV) antibacterial assay (agar well diffusion) 
3. Result and Discussion 
Carbonization, Activation, and TiO₂ Modification of Sugarcane Bagasse 

This study converted sugarcane bagasse into activated carbon and subsequently 
deposited nano-TiO₂ to obtain antibacterial AC/TiO₂ composites. The workflow 
comprised raw-material preparation, carbonization, KOH activation, TiO₂ modification, 
physicochemical characterization (FTIR, XRD, SEM-EDX), and antibacterial evaluation 
against wastewater-derived clinical isolates. The stepwise mass balance (yield) across 
unit operations is summarized in Table 1; together with spectroscopic and microscopic 
evidence, these data substantiate successful conversion of bagasse into TiO₂-modified 
activated carbon suitable for downstream antibacterial testing [4],[6]. 

 
Table 1. Yield of Carbon, Activated Carbon, and TiO₂-Modified Carbon from 

Sugarcane Bagasse 
Process Stage Treatment/Condition Mass 

Before 
(g) 

Mass 
After 
(g) 

Mass 
Loss 
(g) 

Yield 
(%) 

Remarks 

Carbonization 400 °C, 1 h 70.40 23.95 46.45 34.02 Color changed 
from brown to 
black 

Activation 5% KOH 8.84 6.21 2.63 70.24 Increased 
surface area 

Activation 10% KOH 8.86 6.07 2.79 68.51 Slightly lower 
yield due to 
stronger 
etching 

TiO₂ 
Modification 

5% TiO₂ 5.00 3.384 1.616 67.68 TiO₂ evenly 
dispersed on 
surface 

TiO₂ 
Modification 

10% TiO₂ 5.00 3.673 1.327 73.46 Higher 
precursor may 
promote local 
clustering 
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Carbonization of bagasse at 400 °C for 1 h reduced the mass from 70.40 g to 23.95 

g (yield 34.02%), accompanied by a color change from brown to black, indicating the 
removal of volatile fractions (hemicellulose, cellulose, lignin) and the enrichment of 
aromatic carbon domains that serve as proto-pores [6],[7],[8]. Subsequent chemical 
activation using KOH (5% and 10%, 1:5 w/v, 24 h) increased defect sites and accessible 
porosity typical of alkali-etched carbons; the mass yields were 70.24% (5% KOH) and 
68.51% (10% KOH), with slightly greater mass loss at the higher KOH level due to 
intensified etching/gasification [4], [9], [10], [11]. 

Following activation, TiO₂ was introduced by immersing the carbon in a TTIP 
solution to target nominal loadings of 5 wt% and 10 wt%, followed by thermal treatment, 
washing, and drying. The composites are denoted KATiO₂-5 and KATiO₂-10. Mass 
retention during TiO₂ deposition suggested efficient anchoring at both loadings; 
however, higher precursor concentration may promote local clustering and partial pore 
blockage, a phenomenon commonly reported for oxide-decorated carbons and best 
examined via microscopy and diffraction rather than yield alone [12], [13]. As shown 
later (SEM-EDX/XRD), TiO₂ is present as anatase crystallites on the carbon surface, with 
dispersion quality varying by loading. 

 
FTIR Characterization 

Figure 2 compares the FTIR spectra of raw carbon (TK), KOH-activated carbon 
(KA), and TiO₂-modified activated carbons (KATiO₂-5 and KATiO₂-10). The raw carbon 
shows a broad band centered at 3390 cm⁻¹ attributable to O–H stretching of physisorbed 
water and hydroxyl groups, together with weaker features typically observed for 
lignocellulosic carbons (C–H stretching near 2920/2850 cm⁻¹, carbonyl C=O around 
1700–1725 cm⁻¹, aromatic C=C near 1600 cm⁻¹, and C–O/C–O–C in the 1000–1200 cm⁻¹ 
window). After activation, the O–H envelope intensifies (Figure 2b), consistent with an 
increase in surface oxygenated functionalities and hydrogen-bonding capacity 
introduced by KOH etching/oxidation [4],[5]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. FTIR spectra of (a) TK (raw carbon), (b) KA (KOH-activated carbon), (c) 
KATiO₂-5, and (d) KATiO₂-10. Prominent bands: O–H (3390 cm⁻¹), Ti–O–C (1695/1572 

cm⁻¹), and Ti–O–Ti (682 cm⁻¹). 
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Upon TiO₂ deposition, two interfacial signatures emerge: absorption at 1695 and 

1572 cm⁻¹ assigned to Ti–O–C linkages that indicate covalent/bridging interactions 
between titania and the activated-carbon surface [8],[14],[15]. In addition, a distinct band 
at 682 cm⁻¹ corresponds to Ti–O–Ti vibrations of titania frameworks, confirming the 
incorporation of TiO₂ into the composite. Notably, KATiO₂-5 exhibits a relative decrease 
in the O–H band intensity compared to KA, suggesting partial masking/consumption 
of surface hydroxyls by TiO₂ anchoring. By contrast, KATiO₂-10 displays a stronger O–
H envelope, plausibly reflecting the higher density of hydroxylated titania sites and 
enhanced water uptake at the composite surface at higher loading. Taken together, these 
spectral trends substantiate successful TiO₂ anchoring and interfacial bonding on KA 
while modulating the distribution of surface oxygen functionalities. 

Because carbonyl and aromatic bands (1700 and 1600 cm⁻¹) can overlap with 
interfacial vibrations, the assignments above are interpreted in concert with the 
crystallographic and microstructural evidence presented later: anatase reflections in 
XRD and Ti mapping in SEM-EDX corroborate the presence and dispersion of titania 
domains on the carbon matrix [8],[14],[15]. From a structure–function standpoint, the 
formation of Ti–O–C bridges and the persistence of surface O-groups are relevant to the 
antibacterial response under dark conditions, as they govern acid–base interactions, 
hydration layers, and local microenvironments at the particle–cell interface (elaborated 
in subsection Antibacterial Activity of Nano-TiO₂-Modified Activated Carbon). 

 
XRD Analysis 

X-ray diffraction was recorded over 2θ = 5°–60° to compare the diffraction 
features of activated carbon (KA) and TiO₂-modified composites (KATiO₂-5 and 
KATiO₂-10). The KA pattern (Figure 3a) exhibits the broad, low-intensity halos at 2θ = 
5°–10° and 20°–30° that are typical of disordered, turbostratic carbon, reflecting short-
range ordering and low crystallinity in biomass-derived activated carbons [16]. This 
amorphous background provides a convenient “substrate” upon which oxide reflections 
can be identified. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. XRD patterns: (a) KA (activated carbon), (b) reference TiO₂ (JCPDS 21-1272), 
(c) KATiO₂-5, and (d) KATiO₂-10. Broad carbon halos (5°–10°, 20°–30°) and anatase 

reflections (25.2°, 37.7°, 48.1°, 53.8°, 55.0°) are indicated 
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After TiO₂ deposition, the diffractograms of KATiO₂-5 and KATiO₂-10 (Figure 

3c–d) retain the amorphous carbon halos but additionally display sharp reflections at 2θ  
25.2°, 37.7°, 48.1°, 53.8°, and 55.0°, matching the anatase phase of TiO₂ (JCPDS 21-1272) 
[4],[16]. No diagnostic peaks of rutile (e.g., 27.4°) or brookite are evident within the 
scanned window, indicating that anatase is the dominant crystalline phase under the 
present synthesis conditions. The relative intensities of anatase reflections increase from 
KATiO₂-5 to KATiO₂-10, consistent with a higher crystalline oxide fraction at the carbon 
surface. The peak positions remain unchanged with loading, suggesting that lattice 
parameters are not measurably perturbed (i.e., no obvious solid-solution effects), and 
that the differences arise primarily from phase fraction and domain growth rather than 
lattice distortion. 

Taken together with FTIR (appearance of Ti–O–C and Ti–O–Ti vibrations) and 
SEM-EDX (surface Ti mapping), the XRD data confirm successful anchoring of 
crystalline anatase on the activated-carbon matrix [4],[16]. From a structure–function 
standpoint, an increased anatase signal with higher loading can provide more 
catalytically active domains, although—as discussed in SEM-EDX—excess loading may 
promote local agglomeration that reduces effective surface accessibility. This trade-off 
helps rationalize the antibacterial trends observed under dark conditions. 

 
SEM–EDX Analysis 

SEM micrographs reveal clear morphological transitions from the activated 
carbon matrix to the TiO₂-modified composites. The unmodified activated carbon (KA) 
shows a relatively layered, porous surface with open cavities typical of KOH-activated 
carbons, indicating a high external area and accessible porosity for subsequent surface 
reactions and adsorption (Figure 4). 

After TiO₂ deposition, the surface texture becomes rougher with nanoscale 
particulates evident on the carbon framework. In KATiO₂-5, fine granular features are 
more uniformly distributed over the surface and within near-surface pores, consistent 
with a relatively homogeneous coverage at lower loading. By contrast, KATiO₂-10 
exhibits denser clusters and partial agglomeration of TiO₂, with some pore mouths 
appearing less discernible, suggesting incipient pore blocking and particle coalescence 
at higher precursor concentration. Such loading-dependent aggregation behavior is 
frequently reported for oxide–decorated carbons and can diminish effective surface 
accessibility even as the oxide fraction increases [12],[13],[17],[18]. 

EDX spot/mapping analyses corroborate the SEM observations: Ti signals (e.g., 
Ti Kα) are detected on both composites, confirming successful immobilization of TiO₂ 
on the activated-carbon surface. Elemental maps qualitatively indicate a more even Ti 
distribution on KATiO₂-5, whereas KATiO₂-10 shows localized intensity “hot-spots,” 
consistent with cluster formation. Together with FTIR assignments (Ti–O–C and Ti–O–
Ti vibrations) and anatase reflections in XRD, these data verify that titania domains are 
anchored to the carbon matrix while highlighting the trade-off between oxide loading 
and dispersion quality [12],[13],[17],[18]. From a structure–function standpoint, 
improved dispersion at lower loading may support more uniform interfacial contact 
under dark antibacterial assays, whereas agglomeration at higher loading can reduce 
accessible interfacial area despite a greater crystalline TiO₂ fraction—an interpretation 
consistent with the inhibition-zone patterns discussed later. 
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Note :  

A. KA (unmodified): layered porous morphology with open cavities.  
B. KATiO₂-5 (overview): successful impregnation with finely dispersed particulates. 
C. KATiO₂-10 (overview): denser deposition with evident particle clustering/agglomeration.  
D. KATiO₂-10 (detail): localized clusters partially masking pore entrances.  
E. KATiO₂-5 (detail): broadly distributed nanoscale features with limited agglomeration. EDX spectra/maps 

(not shown) confirm Ti presence on both composites, with more homogeneous Ti distribution in KATiO₂-5 
and localized Ti “hot-spots” in KATiO₂-10 [12],[13],[17],[18]. 

Figure 4. SEM micrographs and EDX confirmation of activated carbon before and after 
TiO₂ modification.  

Antibacterial Activity of Nano-TiO₂-Modified Activated Carbon 
Antibacterial efficacy was assessed by the agar well-diffusion assay on Mueller–

Hinton Agar under dark incubation (37 °C, 24 h) against wastewater isolates of 
Escherichia coli, Klebsiella sp., and Pseudomonas sp. Inhibition halos were measured as 
edge-to-edge clear-zone diameters (mm) along three orthogonal axes and averaged per 
plate. Each treatment was tested on three independent plates; values are reported as 
mean ± SD (Table 2). 

For E. coli, AC K(10)/Ti(10) yielded the largest zone (14.20 ± 0.30 mm; group a) 
and was statistically comparable to AC K(5)/Ti(5) (14.00 ± 0.25 mm; aᵇ). Both exceeded 
the carbon control (13.30 ± 0.30 mm; cᵈ) and AC K(5)/Ti(10) (13.00 ± 0.35 mm; d), while 
AC K(10)/Ti(3) (13.50 ± 0.20 mm; bᶜ) was intermediate. The pattern indicates that 
increasing TiO₂ can enhance activity against E. coli, although gains are not proportional 
across formulations. 

A B C 

D E 
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Table 2. Inhibition zones (mm, mean ± SD; n = 3) of AC/TiO₂ composites 
Sample (as tested) E. coli Klebsiella sp. Pseudomonas sp. 

Carbon (no TiO₂) 13.30 ± 0.30ᶜᵈ 14.50 ± 0.40ᵃ 9.50 ± 0.45ᵇ 
AC K(5)/Ti(5) 14.00 ± 0.25ᵃᵇ 12.10 ± 0.30ᵇ 8.00 ± 0.30ᶜ 
AC K(5)/Ti(10) 13.00 ± 0.35ᵈ 12.00 ± 0.35ᵇ 10.50 ± 0.50ᵃ 
AC K(10)/Ti(3) 13.50 ± 0.20ᵇᶜ 12.50 ± 0.30ᵇ 9.50 ± 0.40ᵇ 
AC K(10)/Ti(10) 14.20 ± 0.30ᵃ 10.00 ± 0.25ᶜ 8.00 ± 0.30ᶜ 

Note: Entries are mean ± SD from three independent plates; diameters are edge-to-edge (mm). Per species, between-
group comparisons followed the plan in Data processing and statistics: one-way ANOVA with Tukey’s test when 
assumptions were met, or Kruskal–Wallis with Dunn–Holm otherwise (α = 0.05). Superscripts indicate post-hoc 
groupings 

 
For Klebsiella sp., the carbon control produced the largest diameter (14.50 ± 0.40 

mm; a), significantly higher than all TiO₂-modified composites. AC K(5)/Ti(5) (12.10 ± 
0.30 mm), AC K(5)/Ti(10) (12.00 ± 0.35 mm), and AC K(10)/Ti(3) (12.50 ± 0.30 mm) 
clustered together (group b), whereas AC K(10)/Ti(10) was the lowest (10.00 ± 0.25 mm; 
c). Under dark conditions, this underscores the dominant contribution of the activated-
carbon scaffold via adsorption for Klebsiella. 

For Pseudomonas sp., responses were the smallest overall and slightly more 
variable. AC K(5)/Ti(10) achieved the largest zone (10.50 ± 0.50 mm; a); the carbon 
control (9.50 ± 0.45 mm; b) and AC K(10)/Ti(3) (9.50 ± 0.40 mm; b) formed a middle tier, 
while AC K(5)/Ti(5) (8.00 ± 0.30 mm; c) and AC K(10)/Ti(10) (8.00 ± 0.30 mm; c) were 
equivalently smallest. This species-dependent resistance is congruent with the robust 
outer membrane and biofilm propensity of Pseudomonas under non-photocatalytic 
testing. 

Because assays were conducted without light activation, the observed effects are 
best attributed to interfacial phenomena—specifically acid–base/electrostatic 
interactions and local adsorption–dehydration at the particle–cell boundary—and to 
how bulk pH positions the system relative to the TiO₂ point of zero charge, which 
modulates surface charge and cell–surface attraction [19], [20]. In parallel, SEM–EDX 
shows loading-dependent agglomeration at higher Ti contents, reducing accessible 
interfacial area; together, these features explain the absence of a monotonic relationship 
between TiO₂ fraction and antibacterial performance and the competitive outcomes 
achieved by better-dispersed, lower-loading composites [11], [21]. 

Translating these findings to practice, hospital-wastewater treatment should 
prioritize a continuous-flow train that marries front-end adsorption on activated carbon 
with downstream TiO₂ activation under UV-A/visible light, so that adsorptive 
preconcentration at the solid–liquid interface is followed by an oxidative step that 
damages envelopes and limits regrowth. Performance can be stabilized by routine 
control of pH and ionic strength to favor attractive surface interactions [19], [20] and by 
limiting particle agglomeration through optimized Ti loading or immobilization within 
a porous matrix, approaches consistent with adsorption-assisted photocatalysis reported 
for complex effluents [11], [15], [22]. 

This study has several limitations that restrict the interpretation of its findings. 
Antibacterial assays were performed under dark conditions, so the observed effects 
primarily reflect interfacial mechanisms—adsorption, acid–base/electrostatic 
interactions, and local dehydration—rather than TiO₂-driven photocatalysis. The well-
diffusion format is intrinsically sensitive to particle/agglomerate diffusion and agar 
properties and does not provide pharmacodynamic metrics such as MIC, MBC, or time–
kill kinetics. Replication was limited (n = 3 plates per treatment) without an a priori 
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power analysis, which reduces sensitivity to small between-group differences and 
widens uncertainty around effect estimates. Materials characterization was not 
exhaustive: surface area/porosity (BET), surface charge (zeta potential/point of zero 
charge), high-resolution surface chemistry (XPS), optical properties (DRS UV–Vis), 
hydrodynamic size distribution (DLS), and Ti leaching tests were not included, 
constraining structure–function inference and stability assessment. On the biological 
side, testing covered E. coli, Klebsiella sp., and Pseudomonas sp. from a single wastewater 
source without mature-biofilm assays, molecular typing, or systematic control of pH, 
ionic strength, and dissolved organics to emulate real effluent variability, which limits 
generalizability. Finally, process-level considerations—adsorbent regeneration, 
mechanical robustness under hydraulic shear, long-term performance in flow, and 
potential cyto-/ecotoxicity of residues—were not evaluated, leaving important 
questions about external validity and field-scale feasibility. 

4. Conclusion 
Activated carbon from sugarcane bagasse was successfully prepared by 

carbonization and KOH activation, then modified with nano-TiO₂. FTIR and XRD 
verified Ti–O–C interfacial bonding and anatase TiO₂, while SEM–EDX showed titania 
decorating the carbon surface with more homogeneous dispersion at lower loading and 
incipient agglomeration at higher loading. Under dark, agar well-diffusion conditions, 
antibacterial effects were moderate and species-dependent: AC K(10)/Ti(10) yielded the 
largest zone for E. coli; the carbon control was highest for Klebsiella sp.; and responses 
were smallest for Pseudomonas sp., with AC K(5)/Ti(10) performing best. These 
outcomes indicate that—in the absence of light—performance is governed mainly by 
interfacial adsorption and acid–base/electrostatic interactions rather than 
photocatalysis. Future research include optimizing TiO₂ loading and immobilization to 
minimize agglomeration while preserving accessible interface; evaluating performance 
under UV-A/visible illumination and in continuous-flow systems that couple front-end 
adsorption with downstream photocatalysis; tuning pH and ionic strength to favor cell–
surface attraction; expanding the microbial panel to additional pathogens and mature 
biofilms; and reporting quantitative pharmacodynamic endpoints (MIC, MBC, time–
kill) alongside ROS measurements to elucidate adsorption–photocatalysis synergy and 
operational stability/reusability. 
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