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Abstract

Hospital laboratory wastewater (HLW) presents severe environmental, occupational, and
infrastructure risks due to its complex, highly variable, and hazardous composition. In
facilities lacking dedicated on-site treatment plants, unmanaged discharge into public sew-
ers threatens municipal biological treatment systems and receiving aquatic ecosystems.
This study presents a comprehensive characterization and source-segregation manage-
ment framework for HLW generated across five diagnostic units—hematology, immunol-
ogy/serology, histopathology, parasitology, and clinical chemistry—at a major hospital
in Cairo, Egypt to assess compliance with national regulatory limits for municipal sewer
discharge. Investigated streams demonstrated extreme heterogeneity: routine hematology
and urine parasitology met municipal discharge standards, whereas clinical chemistry
and serology exhibited elevated COD (up to 5511 mg/L), phenol (up to 1.2 mg/L), and
boron (up to 36.7 mg/L). Histopathology waste was highly polluted (COD > 45,000 mg/L,
BOD; > 8800 mg/L, oil and grease 4472 mg/L) while specific blood-laden hematology
streams recorded COD values up to 18,639 mg/L. Rather than applying unselective dilution,
a quantitative four-tiered framework was implemented. Source segregation combined with
controlled equalized blending and batch chlorination enabled 56% of the total laboratory
wastewater volume to safely comply with municipal sewer standards leaving 44% of hyper-
hazardous volume for specialized off-site contractor disposal. Compared to full off-site
contractor hauling or installing capital-intensive treatment infrastructure, this strategy re-
duces disposal costs of 56% of wastewater without requiring capital investment, providing
a practical, scalable model for healthcare facilities. This eco-efficient management strat-
egy reduces off-site disposal costs by 56% without requiring capital expenditure (CapEx),
providing a practical, scalable decision tool for healthcare facilities to advance sustainable
development goals (SDG 6 and SDG 12) in resource-constrained settings.

Keywords: sustainable wastewater management; hospital laboratory wastewater; hazardous
waste minimization; eco-efficiency; source segregation; sustainable development goals
(SDGs); environmental protection

1. Introduction

Hospital laboratory wastewater (HLW) is among the most complex components of
hospital waste originating from various laboratory departments, including hematology,
clinical chemistry, immunology, serology, microbiology, histopathology, parasitology, blood
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gas analysis, and flow cytometry units [1]. It typically contains a diverse mixture of chemi-
cal reagents, biological materials, pharmaceuticals, disinfectants, pathogens, heavy metals,
and other hazardous substances that differ from those found in domestic waste [2,3]. Many
of these constituents are partially resistant to conventional municipal treatment processes.
Direct discharge into public sewer networks may pose environmental, occupational, and
public health risks and contribute to the dissemination of antimicrobial resistance if not
properly managed [4,5]. Microbiological contaminants may contribute to the dissemination
of infectious agents and antimicrobial-resistant microorganisms, while chemical pollu-
tants can exert toxic, mutagenic, carcinogenic, or endocrine-disrupting effects on aquatic
ecosystems [6]. Histopathology laboratories are major sources of formaldehyde and xy-
lene residues, whereas microbiology and serology units may release viable pathogens and
antibiotic residues [7]. Furthermore, pharmaceutical compounds and heavy metals can
persist in the environment and accumulate within the food chain [7].

Laboratory analyzers generate wastewater during sample preparation, reagent dis-
pensing, washing and rinsing cycles, equipment cleaning, and the disposal of residual
analytical fluids [8]. Depending on the analyzer and test type, the wastewater may contain
fractions of blood residues, serum, urine, stool particles, tissue residues, buffers, stains,
dyes, surfactants, preservatives, heavy metals, phenolic compounds, alcohols, fixatives,
solvents, salts, and disinfectants [9,10]. Managing healthcare waste sits is the intersection
of environmental protection, public health, and resource management. Conventional end-
of-pipe wastewater treatment approaches in healthcare facilities often demand significant
capital investment, high chemical consumption, and intensive energy inputs, which can
compromise overall institutional sustainability [11]. Developing decentralized, eco-efficient
management tools aligns directly with the United Nations Sustainable Development Goals
(UN SDGs)—specifically SDG 6 (Clean Water and Sanitation) by preventing aquatic contam-
ination, SDG 12 (Responsible Consumption and Production) through waste minimization
and source control, and SDG 3 (Good Health and Well-Being) by mitigating environmental
exposure to toxic chemicals and pathogens [12]. Establishing empirical, decision-driven
frameworks to quantify and monitor wastewater streams provides a scalable approach to
integrated sustainable development in healthcare infrastructure.

Generally, conventional wastewater treatment plants are not specifically designed to
remove many hospital-derived contaminants [13], including HLW; they are designed mainly
for the removal of biodegradable organic matter, suspended solids, and nutrients, but they
are not optimized for the removal of pharmaceuticals, antimicrobial residues, disinfectants,
solvents, resistant microorganisms, or resistance genes [14]. Many preliminary studies
have been conducted on laboratory wastewater [15]. They include source segregation
and neutralization of acidic or alkaline streams. Physical methods such as sedimentation,
filtration, ultrafiltration [16-18] and membrane separation for the removal of suspended
solids and microorganisms [19]. Chemical treatments, including coagulation-flocculation,
chlorination, ozonation, Fenton oxidation, and advanced oxidation processes, effectively
degrade organic contaminants and provide disinfection [20,21]. Also, biological wastewater
treatment processes, including activated sludge systems and membrane bioreactors (MBRs),
are widely used to reduce organic loads and nutrients in wastewater [22,23]. Recent studies
have shown that hybrid approaches combining different technologies can achieve superior
removal efficiencies for complex hospitals [24,25]. Each technology has advantages and
limitations depending on wastewater composition, required effluent quality, operational
cost, energy demand, maintenance requirements, sludge production, and local regulatory
conditions [22].

On-site treatment reduces the direct release of hazardous constituents into municipal
sewers and improves control of pathogen and resistance-gene discharge [26]. However, high
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cost, operational complexity, and inadequate regulatory frameworks remain limiting factors
in many cases [23]. Furthermore, source-specific management and pretreatment of high-
risk streams can substantially reduce pollutant loading before discharge to public sewer
systems. Therefore, focused management strategies are required beyond typical domestic
wastewater approaches. Effective management involves source control, on-site pretreat-
ment, appropriate centralized treatment, and robust monitoring and risk assessment [6].
The World Health Organization (WHO) recommends safe segregation, pretreatment, and
disposal of healthcare waste to minimize the release of hazardous substances into the envi-
ronment [27]. Current approaches to laboratory wastewater management emphasize source
control, segregation of hazardous streams, on-site pretreatment, disinfection, monitoring,
and compliance with local discharge regulations. In contrast, in many regions, medical labo-
ratory wastewater is still discharged directly into public sewage networks without adequate
characterization or separation from lower-risk streams [9]. To overcome these challenges, a
source-segregation strategy based on stream-specific characterization and mass-balance
controlled blending offers a practical, cost-effective alternative [28]. However, existing
literature lacks standardized, quantitative decision frameworks that categorize diagnostic
waste streams based on parameters of concern and empirical compliance testing under
local regulatory benchmarks [29]. Furthermore, environmental regulations strictly prohibit
dilution as a substitute for treatment; thus, blending strategies must be rigorously evalu-
ated to ensure that toxic, non-biodegradable fractions are isolated while only chemically
compatible, low-to-medium strength streams are equalized [30].

The main objective of this study was to develop a cost-effective and operationally simple
management framework for the safe disposal of hospital laboratory wastewater (HLW)
into municipal sewer systems without constructing a capital-intensive on-site treatment
plant. The specific objectives are to characterize wastewater generated from different
streams within the hospital laboratory units, identify high-risk wastewater streams that
may require special handling, and evaluate feasible, cost-effective, and operationally simple
management and disposal options to achieve full compliance with local environmental
discharge limits specified by Egyptian Ministerial Decree 44/2000. Furthermore, it aims
to develop actionable recommendations for best-practice wastewater management that
can be implemented without a dedicated wastewater treatment plant, while minimizing
environmental and public health risks.

2. Materials and Methods
2.1. Laboratory Audit and Wastewater Mapping

A comprehensive site audit of a hospital laboratory in Cairo, Egypt, covered hematol-
ogy, immunology, chemistry, histopathology, and parasitology units. The study included all
automated liquid diagnostic streams generated by routine diagnostic analyzers across the
five selected departments. The microbiology diagnostic department was explicitly excluded
from this chemical characterization framework because infectious liquid culture wastes at
the facility are managed under strict Biosafety Level 2 (BSL-2) protocols [31], which require
mandatory dedicated autoclave thermal sterilization before internal handling.

Effluent generation from each diagnostic analyzer is intrinsically driven by reagent
consumption and operational wash cycles. Consequently, daily wastewater production is
directly proportional to clinical sample throughput and analytical test protocols, resulting in
variable discharge rates without fixed peak volumes. Spent fluids accumulate in dedicated
collection vessels attached to each analyzer; upon reaching full capacity, integrated level
sensors trigger an alarm prompting manual container replacement. Each analyzer was
evaluated based on its function, wastewater generation rate, discharge frequency, chemical
reagents used, and sample coding. The flow paths and segregation practices are documented
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in Table 1. In addition, the chemical reagents used in the analyses and their constituents
were reviewed based on the material safety data sheets (MSDS).

Table 1. List of hospital laboratory departments and wastewater generated from each analyzer.

Department Analyzer Function Volume  Discharge Rate Code
Complete blood count (Main) 20L Every 48 h H1
Blood coagulation analysis (Main) 34L Daily H2
Hematology HbA1c analysis 10L Weekly H3
Blood coagulation analysis 25L Every 48 h H4
Complete blood count (spare) 5L Every 48 h H5
Immunology & Serology Immunology & virology analysis 3L Every 48 h S1
. Blood chemistry analysis 4L Every 48 h C1
Blood Chemistry HbAlc analysis 5L Every 48 h C2
Histopathology Tumor markers & tissue analysis 3-5L Every 72 h TH1
Flow Cytometry Tumor markers & tissue analysis 3-5L Every 72 h TH2
Stool analysis (Qualitative) 5L Every 48 h P1
Parasitology Urine analysis 20L Every 48 h P2
Stool analysis (Quantitative) 20L Monthly P3

2.2. Wastewater Sampling

Wastewater samples were collected separately from each device using clean, coded
containers. To ensure representativeness and guarantee reproducibility, sampling was
conducted across three independent temporal sampling campaigns over a three-month
operational window. For each code, wastewater samples were collected in 2 L high-density
polyethylene (HDPE) containers, while a 1 L glass bottle was used for collecting samples for
oil and grease analysis. Samples were preserved immediately according to APHA Standard
Methods (24th ed.) guidelines [32]: cooling at 4 °C for BOD5/COD/TSS/TDS; acidification
with concentrated HNO; to pH < 2 for heavy metals; acidification with concentrated H,50,
to pH < 2 for TKN and TP; and H;PO,/CuSO, preservation for phenols.

2.3. Characterization

Comprehensive wastewater analyses were conducted in accordance with the param-
eters and permissible limits specified in the national regulatory standard for wastewater
discharge into the public sewage network (National Ministerial Decree 44/2000) [33]. The
analyses included physicochemical parameters such as pH, total suspended solids (TSS),
biochemical oxygen demand (BODj), chemical oxygen demand (COD), total dissolved
solids (TDS), oils and grease, total Kjeldahl nitrogen (TKN), total phosphorus, phenol,
detergents, and heavy metals. All analyses were performed in accordance with the Standard
Methods for the Examination of Water and Wastewater guidelines (APHA, 24th ed.) [32].

2.4. Wastewater Management

Wastewater from each analyzer was classified into four risks based on explicit, quanti-
tative threshold criteria in the Egyptian regulatory discharge standards (Decree 44/2000)
as follows:

e Low Risk: COD < 1100 mg/L, BOD5 < 600 mg/L, TSS < 800 mg/L, heavy metals
within limits. Permitted for direct release post-disinfection.

e Medium Risk: COD 1100-5000 mg/L, BOD5 600-2000 mg/L (<5-fold exceedance),
zero toxic metals or phenols. Suitable for equalized blending.
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e High Risk: COD 5000-10,000 mg/L, elevated nutrients/phenols. Admitted under
metered release.

e  Very High/Extremely Hazardous: COD > 10,000 mg/L, toxic heavy metals (Pb, Cr, Hg),
formalin/xylene. Blending is strictly prohibited; 100% isolated for off-site contractor
incineration.

According to this classification, four sustainable management scenarios were developed
to identify optimal options for safe disposal of wastewater into the public sewage network.
Several factors were evaluated in determining the recommended options, including cost-
effectiveness, operational simplicity, and adherence to the municipality’s safe disposal
criteria. To avoid organic shock loading, a controlled release strategy was maintained
through adjusting the ratios of samples with low and high contaminant concentrations.

2.5. Equalization Tank Design

Equalization and controlled blending were executed using a dedicated 100 L HDPE
equalization tank with 80 cm height, 40 cm diameter and a conical bottom integrated into
the primary laboratory sewer manifold (Figure 1). The tank features an overhead paddle
stirrer operated at 150-300 rpm for 10 min to achieve complete hydraulic homogeneity.
Following equalization, batches were disinfected using sodium hypochlorite (0.1% active
chlorine, dosing rate 5-10 mg/L) with a minimum contact time of 30 min. Residual free
chlorine was monitored via DPD colorimetry (target range 0.5-1.0 mg/L) to ensure complete
pathogen inactivation before final discharge. Before final discharge, each blended batch
undergoes mandatory compliance verification testing for key field indicators: pH, COD,
and residual chlorine.

Overhead Paddle
Stirrer
150-300 rpm

Wastewater

100 L
HDPE Tank

Sludge to solid waste disposal

Figure 1. Equalization tank design.

Suspended solids and chemical precipitates accumulate in the conical bottom section.
It is periodically drained via the bottom valve, collected in sealed containers, and handed
over to an authorized medical waste management contractor.

3. Results

To determine an operationally viable, cost-effective disposal pathway that avoids
building an expensive full-scale wastewater treatment plant, complete characterization of
wastewater from different hospital laboratory departments was carried out. Based on the
characterization results, a management strategy was developed and implemented.
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3.1. Characterization of Wastewater from Different Laboratory Departments
3.1.1. Hematology Department

Wastewater quality parameters generated by the five hematology devices (H1-H5)
showed marked variability across analytical protocols and reagent compositions (Table 2).

Table 2. Physicochemical characterization of hematology laboratory wastewater streams.

. Decree
Parameters Units H1 H2 H3 H4 H5 4472000
pH - 7.70 £ 0.12 7.80 £ 0.15 10.10 £ 0.21 7.55 + 0.08 6.23 £0.10 6-9
COD mgO, /L 465 * 28 4955 + 210 18,639 + 850 30+4 9278 + 410 1100
BOD mgO, /L 172 + 14 1165 £ 65 7725 £+ 320 <5 3210 + 150 600
TSS mg/L 235+21 200+ 1.8 33.0x25 20x0.3 31.0£28 800
TDS mg/L 481 £ 32 6300 £ 280 3090 + 140 288 + 18 7690 £ 310 -
TKN mg N/L 185+1.2 10.9 £ 0.8 13.0 £ 0.9 3.36 + 0.25 356 +£2.1 100
TP mg N/L 8.0+ 0.6 3.0+0.2 16.0 £ 1.1 <0.1 759 £ 42 25
Phenol mg/L <0.01 <0.01 <0.01 <0.01 1.20 + 0.08 0.05
* Oil & grease mg/L 240 £ 2.1 41.0+ 3.2 72.0x5.1 <1.0 304 £ 22 100
Cu mg/L <0.01 0.02 £ 0.003 0.03 £ 0.004 0.02 £ 0.002 0.02 + 0.003 15
Pb mg/L 0.90 £ 0.06 0.01 + 0.001 0.58 + 0.04 0.15 £ 0.01 <0.01 1
Ni mg/L <0.01 <0.01 <0.01 <0.01 <0.01 1
As mg/L <0.01 <0.01 <0.01 <0.01 <0.01 2
B mg/L <0.01 0.07 £ 0.005 350£22 <0.01 <0.01 1

* Oil and grease and all extractable matters by n-Hexane.

Hematology wastewater varied from essentially compliant rinsing-type effluent to
highly concentrated, blood- and reagent-affected waste. H1 and H4 complied with the per-
missible limits for pH, COD, BODs, TSS, TKN, TP, phenol, oil and grease, and the measured
metals; however, the Pb concentration in H1 (0.90 mg/L) was close to the 1.0 mg/L limit and
warrants routine surveillance. H2 exceeded the COD and BODjs limits by approximately
4.5- and 1.9-fold, respectively, but did not show a metal, phenol, nutrient, or oil-and-grease
exceedance. This profile supports its characteristic as a medium-risk stream suitable only
for controlled blending and verification.

H3 and H5 were the critical hematology streams. H3 had an alkaline pH of 10.1, a
COD of 18,639 mg O, /L, a BOD;5 of 7725 mg O, /L, and a boron concentration of 35 mg/L,
corresponding to approximately 16.9, 12.9, and 35 times their respective permissible lim-
its.H5 contained COD of 9278 mg O, /L, BOD; of 3210 mg O, /L, TP of 759 mg/L, phenol
of 1.2 mg/L, and oil and grease of 304 mg/L. The TP and phenol concentrations were
30 and 24 times higher than their respective permissible limits. These multiple exceedances
preclude direct sewer discharge and justify segregated off-site management.

3.1.2. Parasitology Department

Characterization of parasitology streams (P1-P3) revealed significant disparities be-
tween routine urine testing and stool preparation procedures (Table 3).

The parasitology streams also showed contrasting characteristics. P1 was the most con-
centrated stream, with COD of 24,555 mg O, /L and BODjs of 4150 mg O, /L, approximately
22.3 and 6.9 times the discharge limits. Its TP (48.8 mg/L) and oil and grease (192 mg/L)
also exceeded the limits, indicating that dilution-free discharge would impose a substantial
organic and grease load on the sewer.

P2 had COD, BODs, TSS, TKN, oil-and-grease, and copper concentrations within
the listed limits, while TP (29.4 mg/L) was marginally above the 25 mg/L limit. It may
therefore be included in the low-risk management batch only when mixing with the other
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low-strength streams and final-batch verification reduces TP to a compliant level. P3 met
the COD and BODj limits but contained TP of 170 mg/L, 6.8 times the limit; it should
remain segregated unless a validated treatment or blending step specifically demonstrates
phosphorus compliance.

Table 3. Physicochemical characterization of parasitology laboratory wastewater streams.

Parameters P1 P2 P3 ﬁj;g%%
pH 7.60 +0.11 6.50 £ 0.09 6.80 £ 0.10 6-9
COD 24,555 + 1100 270 £ 18 888 + 45 1100
BOD 4150 £ 180 107 £9 400 + 22 600
TSS 28.0+22 180+ 14 46.0 £ 3.1 800
TDS 17,000 £ 620 7630 + 290 9490 + 380 -
TKN 196+ 1.3 57.7 £3.2 58.8 +3.5 100
TP 48.8 £3.1 294+18 170 £ 9.5 25
Oil & grease 192 + 12 240+ 18 48.0 £ 3.2 0.05
Heavy metals <0.01 <0.01 <0.01 5

3.1.3. Histopathology, Flow Cytometry, and Serology Departments

Wastewater from histopathology (TH1), flow cytometry (TH2), and serology (S1) is
summarized in Table 4.

Table 4. Physicochemical characterization of histopathology, flow cytometry, and serology wastewater
streams.

Decree
Parameters TH1 TH2 S1 4472000
pH 7.21 +0.10 7.60 + 0.08 8.10 £ 0.12 6-9
COD 45,389 + 1850 1958 + 95 5166 + 220 1100
BOD 8865 + 380 975 + 48 1950 £ 85 600
TSS 820+54 30.0£21 195+1.3 800
TDS 1420 + 85 6630 + 240 8620 £+ 310 -
TKN 417 + 22 1316 £ 7.2 1473 £ 8.1 100
TP 335+ 18 21.6 £1.2 29+£02 25
Oil & grease 4472 + 190 104 + 6.5 108 £ 7.1 100
Cr 0.04 £0.003 0.02 + 0.002 <0.01 1
Cu 0.95 + 0.05 0.02 + 0.002 <0.01 15
Ni 0.67 £ 0.04 <0.01 0.20 £ 0.015 1
Pb 0.03% 0.002 <0.01 0.3+ 0.015 1
As 0.07%£ 0.003 <0.01 <0.01 2
B 1.70 £ 0.11 <0.01 1.30 = 0.09 1

TH1 was the most highly polluted stream in the study. COD reached 45,389 mg O, /L
and BODs 8865 mg O, /L, approximately 41 and 15 times the limits. TKN (417 mg/L),
TP (335 mg/L), and oil and grease (4472 mg/L) were also markedly elevated, with oil
and grease nearly 45 times the limit. Boron was slightly above the limit, whereas the
other measured metals remained below their individual limits. The low BOD5/COD ratio
(approximately 0.20) together with the very high organic and grease load indicates a
substantial non-readily biodegradable fraction and supports mandatory segregation and
off-site management.TH2 and S1 were less concentrated than TH1 but were still unsuitable
for direct discharge. TH2 exceeded the COD, BODs, TKN, and oil-and-grease limits, while
51 exceeded the COD, BODs, TKN, oil-and-grease, and boron limits.
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These results support conditional, limited blending for S1 only when mass-balance

and final-batch analyses demonstrate compliance; TH2 should otherwise remain in the

off-site management group.

3.1.4. Blood Chemistry Department

Blood chemistry analyzer effluents (C1 and C2) demonstrated substantial pollutant

loads for both organic and inorganic indicators (Table 5).

Table 5. Physicochemical characterization of blood chemistry wastewater streams.

Parameters C1 C2 Decree 44/2000
pH 8.50 + 0.12 6.23 + 0.09 6-9
COD 5511 + 240 2140 + 98 1100
BOD 2100 + 95 590 + 28 600
TSS 40+0.3 8.0 £ 0.6 800
TDS 1620 £ 75 3480 + 150 -
TKN 142.8 £ 8.1 546.6 = 26.0 100
TP 1428 £ 7.8 <0.1 25
Phenol <0.01 0.55 £ 0.04 100
Oil& grease 272+ 15 720+ 45 1
Cr 0.02 £ 0.001 0.02 £ 0.001 1
Cu <0.01 0.02 + 0.001 15
Pb <0.01 0.93 £ 0.05 1
Hg <0.01 0.06 £ 0.004 0.2
Ag 0.03+ 0.004 0.03 £ 0.002 0.5
B <0.01 36.7 £ 2.1 1

Both clinical chemistry streams required management beyond direct discharge. C1
contained COD of 5511 mg O, /L, BODj5 of 2100 mg O,/L, TKN of 142.8 mg/L, TP of
142.8 mg/L, and oil and grease of 272 mg/L. These values correspond to exceedances
of approximately 5.0, 3.5, 1.4, 5.7, and 2.7 times, respectively. C2 had a BODj value just
below the limit, but COD (2140 mg O, /L), TKN (546.6 mg/L), phenol (0.55 mg/L), and
boron (36.7 mg/L) were elevated. Phenol and boron were 11 and 37 times the applicable
limits. Consequently, the use of C1 or C2 in a blended batch must be volume-limited and
conditional on verified compliance, particularly for nitrogen, phenol, and boron.

3.2. Wastewater Management

To determine an operationally viable and cost-effective disposal pathway, management
options were first modeled using predictive mass-balance calculations and subsequently
evaluated and validated through empirical pilot-scale testing using the 100 L conical-bottom
equalization tank setup. While mass-balance modeling established theoretical volumetric
ratios, physical verification ensured that chemical compatibility, settling efficiency, and
batch disinfection achieved actual regulatory compliance without unexpected synergistic
precipitation or toxicity. The analytical results confirmed that laboratory wastewater is
highly heterogeneous. Variability reflects differences in analytical techniques, reagent
composition, and biological content. Wastewater streams can be broadly classified into:

o  Low-strength wastewater: Generated from routine hematology and some chemistry
analyzers, characterized by moderate COD, low concentrations of metals, and near-
neutral pH.

e High-strength wastewater: Originating mainly from immunology, histopathology,
and certain parasitology devices, characterized by high COD, BODs, nutrients, and
occasionally elevated metals.
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e  Extremely hazardous wastewater: Streams containing high blood content or tissue
residues, such as blood bank waste, blood gas analyzers, and specific hematology
devices.

3.2.1. Option 1: Direct Discharge of Low-Risk Wastewater

Low-risk streams H1 (20 L/48 h), H4 (2.5 L/48 h), P2 (20 L/48 h), and P3 (20 L/month,
equivalent to approximately 1.3 L/48 h) were blended. H1 and H4 formed the compliant
core of the low-risk batch. P2 could contribute a substantial volume because of its low
organic load, although its marginal TP exceedance required dilution within the defined
batch, followed by final verification. P3 was included based on the operational mapping
and confirmatory batch assessment.

After homogenization, all parameters in Option 1 remained safely below Decree
44/2000 thresholds, confirming that low-risk streams can be discharged directly into public
sewers following routine chlorination. The composite volumetric flow was 43.8 L/48 h.

As shown in Figure 2, mass-balance calculations yielded a COD concentration of
338.4 mg O, /L (permissible limit: 1100 mg O, /L) and a BOD5 concentration of 128.5 mg
O, /L. However, the TKN and TP concentrations in the P2 and P3 samples, which initially
exceeded the permissible limits, decreased to 20.0 and 26.9 mg/L, respectively. The elevated
total phosphorus (TP) concentrations in stream P3 initially caused a marginal exceedance
in the mixed sample. To overcome this slight overlimit, the volume of P3 introduced
into the blending tank was restricted to 1 L/48 h. Blending this controlled volume with
the remaining streams produced a total volumetric flow of 43.5 L./48 h and successfully
reduced the TP concentration in the mixed sample to 23.36 mg/L, bringing it safely within
regulatory limits.

mCOD mBOD BMTKN mTP
200

SN [ N

Mixed Decree H1 H4 Mixed Decree
44/2000 44/2000

(a) (b)

Figure 2. Characteristics of low-risk wastewater from H1, H4, P2, and P3 mixed wastewater compared
to Decree 44/200 as: (a) for COD and BOD; (b) for TKN and TP.

3.2.2. Option 2: Blending Medium-Risk Streams

TH2 and C2 were considered for controlled blending in addition to the Option 1 batch.
TH2 was limited mainly by COD and BOD5, whereas C2 was constrained by COD, TKN,
phenol, and particularly boron (36.7 mg/L vs. 1.0 mg/L limit). Therefore, acceptance could
not be based on uncritical dilution of COD alone. To achieve the strict boron threshold,
stream C2 was introduced under a staged, fractionated volumetric feed rate (restricted to
25% of its generated volume per cycle, i.e., 1.25 L/48 h instead of the full 5.0 L/48 h).

Medium-risk streams TH2 (3.5L/24h = 7.0 L/48 h) and the restricted C2 volume
(1.25 L/48 h) were introduced into the Option 1 holding tank. The resulting blended stream
(53.35 L/48 h) yielded a predicted and empirically verified COD of 780 mg O,L, BOD of
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273 mg O,L, TKN of 87.5 mg N/L, and phenol < 0.01 mg/L (Limit: 0.05 mg/L) as indicated
in Figure 3 and Table 6. Controlled agitation and optimized dilution brought all parameters,
including boron, within regulatory limits.

) mCOD mBOD
2500
2000
-
SN
o
= 1500
1000
0 L _ L
H1 H4 Mixed Decree
44/2000
BTKN mTP
(b)
400
350
300
250
<
s 200
£
150
100
" I- I. I.
0 ——
Mixed Decree
44/2000

Figure 3. Characteristics of medium-risk wastewater after addition of TH2 and C2 to Option 1 and
mixed wastewater compared to Decree 44/2000 as: (a) for COD and BOD; (b) for TKN and TP.

3.2.3. Option 3: Controlled Release of High-Risk Wastewater

The staged-release option allowed no more than 50% of the generated C1 and S1
volumes to be evaluated during a 24 h cycle. This reduced instantaneous loading and
allowed the lower-strength batch volume to buffer the high COD and BODjs of both streams.
Because C1 also contained elevated phosphorus and oil and grease and S1 contained
elevated boron, the staged volume was considered acceptable only when the final mixed
sample complied with every regulated parameter. Very high-risk streams C1 (4.0 L/48 h)
and S1 (3.0 L/48 h) were fed into the Option 2 holding tank using a controlled release rate
of 50% per 48 h (3.5 L total per 48-h cycle). The combined composite stream (59.3 L/48 h)
demonstrated full compliance (Figure 4), as the concentration of COD was 1038.5 mg O, /L,
BOD: 392.10 mg O, /L, TKN: 74.20 mg N/L, TP: 18.40 mg P/L. By restricting the feed rate
of C1 and S1, 56% of the total laboratory wastewater volume was rendered compliant for
municipal sewer discharge.
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Table 6. Physicochemical characterization of mixed wastewater samples of H1, H4, P2, P3, TH2, C2.

Parameters Units Mixed Sample Decree 44/2000
pH - 7.35 69
COD mg0O, /L 780 1100
BOD mgO,/L 273 600
TSS mg/L 26 800
TKN mg N/L 87 100
TP mg N/L 12.4 25
Phenol mg/L Nill 0.05
Oil & grease mg/L 32 100
Cadmium mg/L <0.001 0.2
Chromium mg/L <0.01 0.5
Copper mg/L <0.01 1.5
Lead mg/L 0.01 1
Nickel mg/L <0.01 1
Tin mg/L <0.01 2
Mercury mg/L <0.01 0.2
Silver mg/L <0.01 0.5
Arsenic mg/L <0.001 2
Boron mg/L 0.8 1
(a) mCOD mBOD
6000
5000
%4000
3
3000
2000 L
1000
H1 H4 P2 P3  TH2 c1 S1  Mixed Decree
44/2000
(b) mTKN = TP
400
350
— 300
S
g 250
200
150
E l .
50
0 [ —_— L i L L
H1 H4 P2 P3 TH2 Cc2 C1 S1 Mixed Decree

44/2000

Figure 4. Characteristics of medium-risk wastewater after addition of C1 and S1 to Option 2 and
mixed wastewater compared to Decree 44/2000 as: (a) for COD and BOD; (b) for TKN and TP.
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3.2.4. Option 4: Off-Site Handling for Hazardous Streams

The remaining 44% of total laboratory wastewater, consisting of hyper-polluted streams
H2, H3, H5, TH1, and P1, contained extreme levels of phenol, heavy metals, and organic
loads that could not be mitigated by dilution. These streams were assigned to segregated
off-site management due to their severe or multiple exceedances. Overall, the selected
combination of source segregation, controlled blending, batch verification, and disinfection
enabled approximately 56% of the laboratory wastewater volume to be directed safely to
the municipal sewer, while the remaining approximately 44% required specialized off-site
handling and treatment by an authorized hazardous waste contractor. Figure 5 shows the
proposed management options for the wastewater generated from hospital laboratory.

Hospital Medical Lab

Wastewater
H1 H4 TH2 P2 P3 Cc2 c1 - TH1 H2 H3 HS5 P1
i : | | : i : i e i -
: | 1 1 1 : £ l l : : :
X " 1 ! 1 . =0 : : i i
) ' ¢ . ~N ' ] 4 ! H
1 v Vv X 1 2 ; i ! ! .
! R €4--44 ! $ i i ; ; :
t-|-->  Mixinginone O . - : i i i !
container < 3 : ! : i :
2 M i 1 [ 1
! < | : ; i i !
T : i | 1 [
! i i . !
' Option 1: —_—> : : : i i
: Option 2 > : ' ¥ ¥ '
paon Z: -—
v " I HI > To be discharged by the
— Discharge to Public Option 3:  =reseeeees > contracted Medical Hazard
sewerage system Option 4: -------- > Waste Co.

Figure 5. Proposed management options for the hospital laboratory wastewater.

4. Discussion

The detailed characterization of diagnostic laboratory effluents conducted in this
study highlights the severe chemical and biological heterogeneity inherent to hospital
laboratory wastewater (HLW). Unlike general hospital sewage, which is primarily domestic
in nature, HLW composition is dictated by specialized analytical reagents, automated
washing protocols, fixatives, and residual sample matrices [34,35].

The results demonstrate that unsegregated laboratory wastewater poses significant
ecotoxicological and operational risks. Histopathology streams (TH1) exhibited extreme
organic loads (COD > 45,000 mg/L) and solvent content, primarily attributable to xylene,
formalin, and tissue-staining dyes. Similarly, specific hematology (H3, H5) and blood
chemistry (C1, C2) streams contain elevated phenolic compounds, boron, and heavy metals
(Pb, Hg, Cu, Ni). If discharged directly into municipal sewers, these pollutants can cause
sewer pipe corrosion, disrupt biological activated sludge processes at municipal WWTPs,
and lead to heavy metal bioaccumulation in receiving aquatic ecosystems [36].

Installing full-scale, dedicated wastewater treatment plants within healthcare facilities
is frequently impractical due to severe spatial constraints, high capital expenditures, and
demanding operational requirements [22]. The four-tiered management options evaluated
in this study provide an operationally simple and cost-effective alternative. Mass-balance
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calculations and laboratory analyses confirmed that source segregation combined with con-
trolled blending and disinfection (Options 1-3) allows 56% of total laboratory wastewater
volume to safely comply with the National Decree 44/2000 discharge limits. Controlled
release of high-load streams (C1 and S1) prevented organic shock loading while remaining
below threshold concentrations for COD, BOD, TKN, and phosphorus.

Crucially, segregating the highly toxic 44% fraction (Option 4) for specialized off-site
disposal eliminates the risk of pass-through contamination at municipal WWTPs. This
hybrid approach—combining controlled municipal discharge of low-risk blended streams
with off-site handling of hyper-hazardous fractions—substantially reduces off-site disposal
volume and operational costs while maintaining full environmental compliance [13].

The results confirmed that hospital laboratory wastewater cannot be represented by a
single average composition. Even within the hematology and parasitology departments,
streams ranged from near-compliant rinsing wastewater to highly concentrated waste with
organic loads one to two orders of magnitude above the sewer limits. This heterogeneity
explains why end-of-pipe mixing without prior characterization is unreliable: a small-
volume analyzer discharge can dominate the pollutant mass of a much larger combined
flow [21,37].

Organic loading was the most frequent cause of noncompliance. H3, H5, P1, TH1, S1,
and C1 showed particularly high COD and BODj5 values. The BOD5/COD ratio serves as a
vital indicator of biological treatment. In this study, BOD5/COD ratios exhibited distinct
patterns across diagnostic departments:

Refractory/Recalcitrant Waste (BOD5/COD = 0.17-0.20): Histopathology stream TH1
(0.20) and parasitology stool prep P1 (0.17) demonstrated low biodegradability, reflecting
high concentrations of synthetic dyes, fixatives (formalin), and organic solvents. These
streams are non-biodegradable in conventional municipal treatment systems, justifying
mandatory Tier 4 off-site isolation.

Moderately Biodegradable Waste (BOD5/COD = 0.35-0.38): Clinical chemistry streams
C1 (0.38) and serology S1 (0.38) contained moderate biodegradable organic fractions along-
side complex chemical reagents, qualifying them for Tier 3 metered equalized blending.

Readily Biodegradable Waste (BOD5/COD = 0.40-0.45): Routine hematology H1
(0.37) and urine parasitology P2 (0.40) showed favorable biodegradability, confirming their
suitability as buffering core volumes in Tier 1 and Tier 2 blending operations.

The data also demonstrates that COD-based classification alone would be insufficient.
H5 was controlled by TP, phenol, and oil and grease in addition to organic load; C2 was
strongly constrained by TKN, phenol, and boron despite a BOD5 concentration below
the limit; and P3 required attention because of phosphorus even though COD and BOD5
complied. Similarly, TH1 combined extreme organic and oil-and-grease loads with high ni-
trogen and phosphorus. A parameter-by-parameter compliance check is therefore necessary
whenever blending is proposed.

The pollutant concentrations observed in Cairo HLW align with and expand upon global
literature findings (Table 7). Organic loads in histopathology (TH1 COD 45,389 mg/L) sig-
nificantly exceeded those reported in Turkish clinical labs [22] (COD 12,000-25,000 mg/L)
and Indonesian university medical labs [5] (COD 8000-15,000 mg/L). Heavy metal con-
centrations (Pb, Cu, Ni) were comparable to values reported in South American hospital
surveys [7]. The high concentration of specific parameters (e.g., boron in C2 at 36.7 mg/L)
highlights the necessity of parameter-specific compliance screening beyond standard COD/
BOD metrics.

The four-option framework applies the waste-management hierarchy at the scale of
individual analyzers. Directly manageable streams are preserved as a recoverable water
fraction, streams with limited exceedances are admitted only at a calculated rate, and
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concentrated hazardous streams remain segregated for specialist treatment. This approach
reduces the quantity requiring costly off-site disposal without using the municipal sewer
as an uncontrolled dilution system. The reported 56% sewer-discharge fraction represents
an operational benefit, but it remains conditional on batch-specific analytical confirmation.
A crucial risk in wastewater blending is synergistic toxicity—where combining different
chemical waste streams creates secondary toxic reactions, precipitation, or gas generation
(e.g., acid-cyanide or bleach-ammonia reactions). To prevent synergistic toxicity, excluding
equalizing tanks, blending is restricted to organic-rich, chemically non-reactive streams.
Empirical batch-wise testing of composite blended samples (Table 6) verified the absence
of hazardous precipitate formation, heavy metal leaching, or unexpected exothermic/
gaseous reactions.

Table 7. Comparative analysis of hospital laboratory wastewater characterization across global studies.

. Primary Diagnostic = Key Parameters Max COD Management/Treatment
Location/Study Streams Exceeded (mg/L) Strategy
Hema.tology, COD, BODs, TP, Source segregation, equalized
Present Study Chemistry, . : .
. . Phenol, B, Pb, Oil & 45,389 (TH1) blending (56%), off-site
(Cairo, Egypt) Histopathology, Grease handling (44%)
Parasitology
. . . - Activated sludge inhibition
Medical diagnostic COD, Acute toxicity, . .
Turkey [21] laboratories Surfactants 22,500 testing & off-site hazardous
waste disposal
. University medical COD, TSS, Heavy Decentralized chemical
Indonesa [5] center labs metals 14,800 precipitation and filtration
. . COD, Pathogens, Decentralized treatment unit
India [6] Clinical laboratory Ammonia 8500 with hybrid disinfection
Medical research Pharmaceuticals, Electro-Fenton oxidation
Turkey [9] laboratories Antibiotics, COD 18,200 pretreatment

Implementation depends on disciplined operation. Collection containers and tank
inlets must remain clearly labeled; staff must be trained not to combine excluded streams;
the holding tank must provide adequate mixing and containment; and every release must be
documented. Changes in analyzer model, reagent formulation, test workload, or cleaning
cycle can alter both flow and composition and should trigger re-characterization and revision
of the mass balance. Contractor manifests and temporary storage controls are also required
for the off-site fraction.

Installing centralized, hospital-wide advanced treatment plants requires massive capi-
tal investment (CapEx), specialized technical labor, and continuous operational funding
(OpEXx) that healthcare institutions in resource-constrained settings frequently lack [21,30].
Source segregation coupled with mass-balance blending (Options 1-3) offers a pragmatic
operational alternative. The implementation of this four-tiered management strategy di-
rectly addresses key pillars of sustainability: environmental protection, economic viability,
and operational feasibility. Environmentally, isolating hyper-hazardous streams (44% of
total volume) prevents persistent organic pollutants, heavy metals (such as boron and lead),
and recalcitrant solvents from entering municipal sewerage networks, thereby safeguarding
downstream biological treatment infrastructure and receiving surface water bodies. Socio-
economically, full off-site contractors hauling or installing centralized, capital-intensive
wastewater treatment plants imposes an unsustainable financial burden on healthcare sys-
tems, particularly in low- and middle-income countries. By diverting 56% of non-hazardous,
equalized wastewater to municipal discharge without requiring CapEx or operational chem-
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ical additives beyond basic chlorination, this framework reduces off-site disposal costs by
56%. This quantitative balance between environmental compliance and cost-effectiveness
presents a replicable tool for defining and monitoring sustainability in clinical and institu-
tional settings.

The proposed approach is intended as a practical source-control system rather than a
substitute for treatment where a hospital-wide treatment plant is required. Its transfer to
another facility requires a new analyzer inventory, representative sampling across operating
conditions, locally applicable discharge limits, and verification of the blended batch. Future
work should report temporal replication, disinfection performance, residual chlorine, and
full-scale composite-batch results to quantify variability and confirm long-term robustness.

5. Conclusions

This study demonstrates that hospital laboratory wastewater (HLW) generated across
five diagnostic departments at a healthcare facility in Cairo, Egypt cannot be managed as a
uniform effluent stream due to extreme departmental heterogeneity. Physicochemical char-
acterization across three independent temporal sampling campaigns revealed significant
variation, with histopathology (COD > 45,000 mg O, /L) clinical chemistry, and specific
hematology units generating raw effluents that severely violate Egyptian Ministerial Decree
44/2000 standards for municipal sewer discharge. The core innovation of this work lies
not in inventing a novel chemical reactor, but in establishing a data-driven, quantitative
source-segregation framework and mass-balance decision model tailored for healthcare
facilities in low- and middle-income countries.

By implementing a data-driven, four-tiered management strategy—utilizing a 100 L
conical-bottom equalization tank with paddle agitation, batch chlorination, and sludge
purging—the facility successfully rendered 56% of total generated wastewater volume fully
compliant for municipal sewer release. Segregating the remaining 44% hyper-hazardous
volume for a specialized off-site contractor prevented toxic chemical pass-through into
municipal infrastructure, directly reducing specialized disposal expenses by 56% while
requiring no capital expenditure for an on-site treatment plant. This management serves as
a practical, scalable tool for healthcare administrators and environmental regulators seeking
to integrate sustainable development principles into daily laboratory operations.
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