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ABSTRACT 

	 Activated carbon filters are essential in pharmaceutical water systems, ensuring removal of chlorine, organic matter, and microbial contaminants. Modernization of legacy systems is critical to maintain compliance with pharmacopeial and GMP requirements. This study describes the upgrade of a dual activated carbon filter system, replacing a partially modernized unit with stainless steel construction and automated Human–Machine Interface (HMI) controls, and evaluates its impact on purified water quality. The system was qualified under structured change control following DQ, IQ, OQ, and PQ protocols. Sixty determinations of physicochemical and microbiological parameters were performed, including conductivity, nitrates, total organic carbon, residual chlorine, and microbial counts. Sampling was conducted upstream and downstream of the ACF units, with analyses aligned to USP and European Pharmacopoeia standards. Residual chlorine was consistently removed, with outlet concentrations <0.1 mg/L. Total organic carbon values ranged from 15.4 to 179 ppb, remaining below the alert limit of 200 ppb. Conductivity and nitrate concentrations met USP requirements across all determinations. Microbiological assays showed colony counts below alert thresholds (maximum 15 cfu/mL), with no pathogenic microorganisms detected. Hot‑water sanitizations at 80 °C, should be three time per week, effectively controlled microbial growth, supported by the enhanced durability of stainless‑steel piping. The upgraded dual activated carbon filter system demonstrated robust compliance with pharmacopeial standards, improved operational reliability, and sustained water quality. Modernization strategies, executed under GMP and ICH Q10 change control, proved essential for risk mitigation, reproducibility, and long‑term sustainability of pharmaceutical water systems.
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1. INTRODUCTION 

Pharmaceutical water production necessitates robust pre-treatment systems to safeguard downstream purification processes against problematic water constituents. Standard pre-treatment typically comprises ion-exchange softening and dechlorination, the latter achieved through activated carbon beds or bisulfite injection. Activated carbon filters (ACFs) are widely acknowledged as indispensable components of pharmaceutical water systems, given their capacity to remove chlorine, chloramine, organic compounds, taste- and odor-inducing substances, as well as selected heavy metals, thereby ensuring the integrity of subsequent purification stages such as reverse osmosis and distillation [1, 2]. Furthermore, ACFs contribute to microbiological control by mitigating oxidizing agents that could otherwise compromise system reliability. Their critical role in maintaining water quality and ensuring compliance with pharmacopeial standards has been extensively documented in industrial practice and regulatory guidance [3,4].
Beyond pharmaceutical applications, recent investigations have expanded the scope of activated carbon in water purification technologies, demonstrating both technological advancements and sustainability-oriented innovations. Telgote and Patil (2020) provided a comprehensive review of diverse activated carbons and ash employed in water purification, emphasizing their efficiency in removing organic pollutants and heavy metals, and their potential to enhance conventional treatment processes [5]. Building on this, Telgote and Patil (2022) demonstrated the feasibility of producing thermally activated carbon from Arachis hypogaea shells, showing that agro-industrial residues can be transformed into cost-effective adsorbents with high performance in water treatment [6]. More recently, Telgote and Patil (2023) offered an overview of emerging applications of activated carbons and ash, underscoring their role in modernizing purification systems and advancing sustainable water management strategies [7]. These findings reinforce the importance of activated carbon not only in pharmaceutical contexts but also in the broader modernization of water purification technologies, aligning with global objectives for resource efficiency and environmental stewardship.
Despite their effectiveness, ACF systems face operational challenges over time. Equipment aging, material degradation, and transitions from manual to automated operation represent significant modifications that must be carefully managed. Within the pharmaceutical industry, such modifications are governed by formal change control procedures, as mandated by Good Manufacturing Practice (GMP) and the ICH Q10 Pharmaceutical Quality System [8]. Change control ensures that any alteration to infrastructure, processes, or equipment is properly assessed, documented, and validated to maintain regulatory compliance and product quality. Regulatory agencies such as the European Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA) emphasize that water system modifications must be supported by risk assessments, qualification protocols, and continuous monitoring to guarantee long-term reliability [9,10].
The present work illustrates the modernization of a dual ACF system, replacing a legacy unit that had lost its automatic functionality and relied on manual operation despite partial upgrades from PVC to stainless steel piping. The newly implemented system is fully constructed in stainless steel and equipped with an automated Human–Machine Interface (HMI), enabling continuous operation and eliminating downtime during filter replacement. By demonstrating how modernization strategies, executed under robust pharmaceutical change control, can optimize purified water system performance, this study highlights pathways to enhance reliability and ensure ongoing compliance with pharmacopeial and GMP requirements.



2. material and methods 

2.1 System Description
The purified water system was upgraded through the installation of a dual activated carbon filter (ACF) unit, fully constructed in stainless steel and equipped with an automated Human–Machine Interface (HMI) control system. This modernization replaced a legacy unit that had partially transitioned from PVC to stainless steel piping but remained dependent on manual operation. 
2.2 Qualification and Change Control
All activities were conducted under a formal pharmaceutical change‑control framework, in accordance with ICH Q10 Pharmaceutical Quality System and EMA GMP guidelines [9]. The qualification process followed the standard sequence of Design Qualification (DQ), Installation Qualification (IQ), Operational Qualification (OQ), and Performance Qualification (PQ). Documentation included risk assessments, validation protocols, and acceptance criteria aligned with pharmacopeial requirements.
2.3 Sampling Procedures
Water samples were collected at defined points upstream and downstream of the ACF units, as well as from the purified water distribution loop. Sampling was performed according to standardized schedules to ensure reproducibility and compliance with GMP [11].
2.4 Sanitization Procedure for Activated Carbon Filters
Sanitization of the activated carbon filters was performed using hot water at 80 °C. The procedure was validated to ensure uniform linear velocity across the carbon bed, thereby guaranteeing consistent thermal exposure throughout the filter media. Each cycle was maintained for a duration of 60 minutes, and the process was conducted three times per week. These operational conditions were established to support microbial control, preserve system integrity, and ensure compliance with pharmaceutical water quality requirements.
2.5 Analytical Methods
· Physicochemical parameters: Conductivity and nitrate concentrations were measured using calibrated instruments, with acceptance criteria based on USP <1231> and European Pharmacopoeia 11.0 [12].
· Organic content: Total Organic Carbon (TOC) was determined using a validated TOC analyzer, with control limits set at 200 ppb (alert), 300 ppb (action), and 500 ppb (specification).
· Microbiological assays: Microbial counts were assessed using membrane filtration and incubation methods, expressed as cfu/mL. Alert and action limits were defined at 20 and 50 cfu/mL, respectively, with a specification limit of 100 cfu/mL. Pathogenic microorganisms were specifically screened and excluded [13].
· Residual chlorine: Determinations were performed at the ACF inlet and outlet to confirm effective dechlorination and ion removal. Free chlorine was determined using the DPD colorimetric method [14], which provides a detection limit below 0.1 mg/L, ensuring reliable quantification of residual chlorine.
2.6 Data Analysis
Results were compiled from sixty determinations (three months) across all parameters. Compliance was evaluated against pharmacopeial specifications (USP, European Pharmacopoeia) and the Cuban guideline for drinking water NC 827: 2017 [15]. Statistical measures including minimum, median, and maximum values were calculated to assess system stability.



3. results and discussion

3.1 Qualification of the Activated Carbon Filter (ACF)
The qualification of the ACF was conducted following the conventional four-phase procedure: Design Qualification (DQ), Installation Qualification (IQ), Operational Qualification (OQ), and Performance Qualification (PQ). The DQ phase established the foundation of the qualification process by confirming that the design of the ACF system met all predefined requirements and regulatory expectations. This step ensured that the conceptual framework and technical specifications were aligned with the intended use, thereby providing confidence in the suitability of the system before implementation. During the IQ stage, all components and raw materials were examined to confirm compliance with established specifications. Subsequently, the OQ phase provided a comprehensive assessment of the equipment’s operational capabilities in a single integrated run, yielding consistent and satisfactory outcomes. This phase included verification of the equipment’s functions as designed, such as chlorine breakthrough testing, confirmation of multiple sanitization cycles, and validation of temperature control and alarm functions. Together, these activities ensured that the system operated reliably under routine conditions and met the intended qualification requirements. This evaluation was carried out using an internally designed OQ protocol that encompassed the entire system, in accordance with the methodology described by Thiesset JP [16]. The robustness of this approach underscores the importance of integrating system-wide assessments rather than relying solely on isolated component testing.
Finally, the PQ phase verified the long-term performance of the ACF under routine operating conditions, demonstrating its ability to consistently deliver purified water of the required quality. Figure 1 illustrates the strategy employed for the installation of the new ACF units during qualification testing, ensuring uninterrupted production of purified water and maintaining continuous manufacturing processes in the production facility [17].
[image: ]
Fig 1. Schematic diagram of purified water production process


3.2 Performance Assessment of the Filtration System
The PQ of the filtration system was executed over a defined period, during which the main quality variables of the filtration process were evaluated. Figure 2 illustrates the determination of free chlorine levels before and after the filtration process in the ACF system. Sampling points APPM001 and APPM001A correspond to the inlet softened water, while APPM002 and APPM003 represent the outlet of the filtration system. The free chlorine concentration decreased fivefold from the inlet water to the ACF, with a mean value of 0.25 mg/L reduced to 0.05 mg/L. The residual chlorine content consistently remained below the acceptable limit (<0.1 mg/L), as specified by FilmTec reverse osmosis membrane manufacturers to prevent chemical degradation [18], thereby ensuring the proper functioning of subsequent stages in the purified water system. In contrast to systems where chlorine breakthrough has been reported, these findings confirm the effective adsorption capacity of the ACF and reinforce its critical role in maintaining water quality standards [19].

Furthermore, the complete removal of chlorine at the outlet of both filters demonstrates not only compliance with USP requirements [3] but also underscores the reliability of the system under routine operating conditions. This outcome highlights the necessity of continuous monitoring, as even minor deviations could compromise downstream processes. Taken together, these results validate the robustness of the filtration system and align with best practices in pharmaceutical water system qualification, thereby supporting the long-term sustainability of manufacturing operations [20].

Fig 2. Levels of Free Chlorine Prior to and Following ACF Filtration


3.3 Microbial Growth Control in the ACF System
Microbial growth was another parameter assessed in the ACF system. Microbiological control was achieved through hot water sanitizations at 80 °C, performed three times per week. An additional advantage derived from replacing the piping was the improved resistance of stainless-steel pipes to thermal exposure. In contrast, the previously installed PVC pipes exhibited deformations and leakages over years of operation, particularly under elevated temperatures. Figure 3 depicts microbial growth behavior in the ACF system, comparing inlet water with post‑filtration samples. Sanitization procedures and activation of the activated carbon were conducted according to the established protocol. Throughout the study period, microbial growth remained below the established limit (<500 cfu/mL) for potable water, as defined by the Cuban standard NC 827:2017 [15]. These results confirm the effectiveness of the sanitization strategy and the suitability of stainless-steel piping for maintaining microbiological quality in pharmaceutical water systems. The results are consistent with international recommendations. The WHO Good Manufacturing Practices: Water for Pharmaceutical Use emphasize that stainless steel is the preferred material for pharmaceutical water systems due to its durability and resistance to microbial proliferation [21]. Similarly, FDA inspection guides underscore the importance of routine thermal sanitization to control microbial growth in high‑purity water systems [22]. Moreover, studies have demonstrated that polymeric materials such as PVC are more prone to biofilm formation and structural degradation under repeated thermal stress, thereby supporting the decision to replace them with stainless steel [23,24].

Fig. 3. Microbial Counts in the ACF System Before and After Filtration

3.4 Reduction of Organic Matter by the ACF System
The activated carbon filter (ACF) fulfills a critical function in pharmaceutical water treatment by reducing organic matter. This parameter was evaluated because, in conjunction with the removal of free chlorine, it enhances the performance of reverse osmosis membranes during subsequent purification stages. Figure 4 illustrates a marked reduction of organic matter at the outlet of the ACF system, confirming its adsorption efficiency. These findings align with international guidelines and published studies. The WHO Good Manufacturing Practices: Water for Pharmaceutical Use underscore that activated carbon plays a pivotal role in lowering organic load, thereby protecting downstream purification units from fouling [25]. Likewise, FDA guidance documents emphasize that minimizing organic matter is essential to prolong the operational life of reverse osmosis membranes and ensure compliance with pharmaceutical water quality standards [26]. Furthermore, research has consistently demonstrated that activated carbon effectively adsorbs a broad spectrum of organic compounds, thereby strengthening the robustness of pharmaceutical water systems [27,28].


Fig. 4. Organic Matter Reduction Before and After ACF Filtration

3.5 Purified Water Quality Assessment Post‑ACF System Upgrade
The quality of purified water was systematically assessed following the modification of the activated carbon filter (ACF) system. Standardized sampling procedures, validated analytical testing, and continuous monitoring were implemented to ensure reproducibility and compliance with pharmacopeial requirements. A total of sixty determinations of conductivity and nitrate concentrations conformed to the specifications established in the United States Pharmacopeia (USP). Total Organic Carbon (TOC) assays yielded values ranging from 15.4 to 179 ppb, with all measurements remaining within acceptable control limits (Table 1). Microbiological quality parameters consistently remained below both action and alert thresholds, with a maximum recorded value of 15 cfu/mL. No pathogenic microorganisms were detected.
These results demonstrate that the modification of the ACF system did not compromise water quality and, in fact, ensured robust compliance with USP standards. The consistently low values for conductivity and nitrates confirm the effectiveness of the system in maintaining ionic purity, while the TOC results highlight the stability of organic carbon removal processes. The microbiological assays further support the reliability of the system, as the absence of pathogenic microorganisms and the low colony counts indicate that the implemented monitoring strategy was effective in preventing microbial contamination.
Taken together, the results provide strong evidence that the upgraded ACF system contributes to sustained water quality, aligning with pharmacopeial requirements and reinforcing the importance of continuous monitoring. The integration of standardized sampling schedules and validated analytical methodologies proved essential for ensuring reproducibility and reliability. These outcomes underscore the relevance of system modifications in maintaining compliance with regulatory standards and highlight the critical role of proactive monitoring in safeguarding purified water quality for pharmaceutical applications [29, 30].

Table 1. Analytical Results of purified water after change of ACF system
	Assay
	Total Samples
	In control
	minimum
	median
	maximum
	Alert Limit
	Action Limit
	Specification Limit

	Conductivity (µS/cm)
	60
	60
	-
	-
	-
	-
	-
	USP

	Nitrate (mg/L)
	60
	60
	-
	-
	-
	-
	-
	≤ 0.2

	TOC (ppb)
	60
	60
	15.4
	33.5
	179
	200
	300
	500

	Microbiology (cfu/mL) 
	60
	60
	0
	0
	15
	20
	50
	100




4. Conclusion

The modernization of the dual activated carbon filter system significantly improved the reliability and compliance of the purified water infrastructure. Replacing PVC with stainless steel and integrating automated HMI controls eliminated operational limitations, restored continuous functionality, and reduced downtime.
Analytical testing confirmed sustained compliance with pharmacopeial standards: conductivity and nitrate concentrations met USP and EP specifications, TOC values remained within control limits, and microbiological counts stayed below thresholds with no pathogenic microorganisms detected.
By adhering to ICH Q10 and GMP guidelines, the upgrade was properly assessed, documented, and validated through DQ, IQ, OQ, and PQ activities. Overall, the study demonstrates that ACF units are essential for protecting downstream purification processes and that modernization strategies, when executed under structured change control, optimize performance and safeguard pharmaceutical water quality.
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