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ABSTRACT 

	Chromated copper arsenate (CCA) is a water-based timber preservative containing heavy metals/metalloid, widely used in Kenya despite health concerns and restrictions in other parts of the world. Several studies have shown that CCA can leach from treated timber and be washed by rain into soils and aquatic systems. Research on the leaching and environmental occurrence of CCA components in Kenya remains limited, contributing to gaps in evidence-based policy formulation and enforcement regarding the use and management of CCA-treated materials. Additionally, there is no study that has been done to compare CCA contamination in multiple wood treatment plants in Kenya. This study aimed to determine the levels of Cr, As and Cu in soil and water in wood treatment plants and determine the effect of rainfall on the leaching of Cr, As and Cu from treated wood. Four wood treatment plants and one control site were included in this study. A total of ten soil samples were collected from the sites and analysed for heavy metal concentrations using ICP-MS. Additionally, a commercially treated wood sample (20 kg/m3) was subjected to simulated rainfall conditions to evaluate the leaching rates of Cr, As, and Cu. Results indicated high heavy metal concentrations in wood treatment plants with the majority exceeding set guidelines. The concentrations ranged from <LOQ (Limit of Quantification) to 1309.50 ± 27.06 mg/kg for soil and 409.35 ± 5.36 to 81,688.53 ± 1,309.67 mg/kg for wood waste. Levels in drinking water were below the World Health Organization (WHO) guidelines of 0.01 mg/L for As, 0.05 mg/L for Cr and 2 mg/L for Cu. In the leaching experiments, quantified using ICP-OES, As exhibited the highest leaching rate of 116.00 × 10-4 mg/cm2/h. Cu leached more than Cr in the first week, after which their leaching rates became similar. The reported levels of CCA components in soil were above the CCME guidelines which pose a significant risk to humans and animals requiring immediate action by the relevant authorities. Furthermore, these findings provide baseline data on environmental contamination by CCA, which is relevant insight to authorities towards minimized exposure risks among wood treatment workers in Kenya and the general population. 
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1. INTRODUCTION 

The electricity transmission and distribution sector in Kenya uses wooden poles, concrete poles and steel pylons. The wooden poles are the most commonly used due to their relatively cheaper cost and lighter weight, making them affordable and easier to use compared to the concrete poles and the steel pylons. The wooden poles are mainly obtained from the fast-growing eucalyptus tree, which is widely grown in Kenya (Oballa et al., 2010). These wooden poles must be treated for protection from natural degradation through the activity of insects like termites, wood-borers, molluscs, crustaceans and decay by fungi and bacterial attack (Coles et al., 2014; Hall & Beder, 2005). Treatment of wooden poles in Kenya is carried out using a chemical known as chromated copper arsenate (CCA) in wood treatment plants (KEBS, 2016). The chemical is impregnated into the wood using a high-pressure treatment process, which ensures penetration of the preservative (Tarmian et al., 2020). Timber treated with CCA has a variety of references that include ‘CCA-treated timber’, ‘tanalised timber’, ‘pressure treated timber’ and ‘permapine timber’.

CCA, also known as copper chrome arsenate or copper chromated arsenate, is a water-based mixture of heavy metal/metalloid. The mixture is made up of hexavalent chromium (CrO3), divalent copper (CuO), and pentavalent arsenic (As2O5) oxides. CCA exists in three forms, that is; CCA type A, CCA type B and CCA type C. Type C is the most popular formulation among the three because it provides the best resistance to leaching and exhibits great efficacy. CCA type C contains 18.5% CuO, 47.5 % CrO3 and 34.0% As2O5  (Archer & Lebow, 2006). Copper (Cu) in treated timber serves as the fungicide, whereas the arsenic (As) protects the wood against attack by insects. Chromium (Cr) promotes fixation of the Cu and As in the wood through the formation of sparingly soluble metal complexes, such as copper (II) chromate (CuCrO4) and chromium (III) arsenate (CrAsO4). CCA bonds with wood or timber in a chemical reaction called fixation, which is a very slow process that occurs gradually over several weeks (Morais et al., 2021).
 
The major challenge associated with the use of CCA in treatment of poles is its susceptibility to leaching as a result of rain, which subsequently leads to accumulation of the components of the chemicals in soil as well as water bodies, thus posing a risk to plants, human beings and aquatic life (Mercer & Frostick, 2012). A study on soil collected from a wood treatment plant in Nigeria reported 39.55 mg/kg for arsenic, 313.97 mg/kg for chromium and 200 mg/kg for copper (Uwumarongie-Ilori & Okieimen, 2010). It has also been shown that plants can absorb CCA components from soil, with the amount absorbed varying with distance from the wood treatment plant (Shiralipour, 2004). Thus, the presence of these metals in the environment may result in acute and chronic effects in humans, aquatic organisms and the entire terrestrial ecosystem (Stern, 2010). Cr(VI) is known to be highly toxic, mutagenic and carcinogenic to humans and animals (Vignati et al., 2010). Arsenic is also a known carcinogen (Palma-Lara et al., 2020). Moreover, the toxic effects of CCA have been reported to be more severe than those of its individual constituents (Hall & Beder, 2005; Morais et al., 2021). 

The use of CCA has been restricted in developed regions such as Australia, US and Canada due to environmental pollution and the associated risks (Hall & Beder, 2005). However, wood preservation in Kenya is a major sector that still utilizes CCA in wood treatment. In 2012, the Kenya Power and Lighting Company used 440,000 M3 treated poles for electrification, with 90% being produced locally (Ministry of Environment, Water and Natural Resources, 2013). Data on levels of CCA in soils and water from treatment plants in Kenya is not available; therefore, this work fills this gap. In addition, previous research of a similar kind has only reported on one treatment facility (Uwumarongie-Ilori & Okieimen, 2010), this work gives a concise report from four treatment facilities. Another concern is the time difference between the procurement of the poles and their installation, which leads to the treated wooden poles being stored in the open as they await installation. Therefore, there is a need to understand the effect of rainfall on the leaching of components of CCA. The present work addressed this concern by use of simulated rainfall. Overall, this work provides baseline data on levels of chromium, copper and arsenic in soil and water collected from four wood treatment plants in Kenya. The effect of rainfall on the leaching of CCA elements is also discussed from the results of the rainfall simulation experiment. The information obtained in this study provides critical insights to CCA companies and regulatory authorities; therefore, will contribute to efforts in minimizing exposure risks among workers in wood treatment facilities and nearby communities, thus contributing to the overall evidence-based policy formulation and enforcement regarding the use and management of CCA-treated materials.


2. material and methods 

2.1 Study area and sampling sites

Four treatment plants spread across the three counties of Kirinyaga, Kisumu and Nakuru were considered in this study. The specific locations in the selected counties include Sagana, Gilgil, Salgaa and Awasi. These treatment plants were designated as site A, B, C and D, respectively in this study. Sagana (0° 40′ 11.86″ S, 37° 13′ 59.39″ E) lies at an altitude of 1146.87 m above sea level. The area experiences a tropical climate characterised by bimodal rainfall, with long rains happening from March to May and short rains from October to December. The mean annual precipitation is approximately 996 mm while mean annual temperature is 19.7 °C. Gilgil (0° 30′ 27.01″ S, 36° 19′ 57.2″ E) at an altitude of 1989.12 m in the Rift Valley has a warm and temperate climate with bimodal rainfall. The long rains occur from March to May, while the short rains take place around November. The mean annual rainfall is 1075 mm and the mean annual temperature is around 16.5 °c. Salgaa (0° 13′ 42.66″ S, 35° 53′ 54.07″ E) at an altitude of 1926.18 m is also found within the Rift valley part of the country. It has a relatively temperate climate featuring bimodal rainfall from March to May (for the long rains) and October to December (for the short rains). The mean annual precipitation ranges between 850 to 1000 mm, while the mean annual temperature is approximately 18 °C. Lastly, Awasi (0° 11′ 14.32″ S, 35° 7′ 12.62″ E) lies at an altitude of 1,280.25 m above sea level within the Lake Victoria basin. This area is characterised by a sub-humid climate with a tri-modal rainfall pattern. The long rains are experienced from March to May and long rains from October to December, there is then a third peak of rainfall in August. These sites represent varied climatic conditions across Kenya, ranging from sub-humid to warmer and moderately drier climates. The location of the four treatment plants on the Kenyan map is shown in Fig. 1.
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Fig. 1. Map of Kenya showing the study area

For the treatment of timber, CCA type C formulation is used across all the sites. Three species of eucalyptus tree are used with Eucalyptus grandis and Eucalyptus saligna being the most common. All the sites have been in operation for more than 5 years with B having been in operation for more than 15 years. Both sites B and D occupied larger areas than sites A and C, handling greater quantities of wood and engaging in multiple activities including preparation of preservative, impregnation of the preservative into the wood, drying of treated wood and storage. Site E being an institution of learning was chosen as a background site. 

Sampling was conducted between September and October 2022 at the selected wood treatment facilities. Ten grab soil samples were collected from five different locations mapped around each site. The five locations included one background point and four other points within the site. The four points were selected based on the different stages of wood treatment at the treatment plant. These included: one point near the treatment cylinder where soil was available, a second point around the post treatment drying area, and two other points 10 m apart around the storage area, accounting for the third and fourth sampling points. At each point two soil samples were collected: a surface soil sample and a sub-surface soil sample. Water samples were collected from only three sites. Additionally, wood waste was collected from each site near the treatment cylinder. In addition to the samples obtained from wood treatment plants, soil samples were also collected near treated utility poles in a learning institution in Machakos County (Site E) to act as a control for the wood treatment sites.

2.2 Sampling and characterization

Two soil samples were collected at each point, including one surface soil sample (0 to 10 cm) and another sub-surface soil sample (10 to 30 cm). One background soil sample within the site was collected from a point that was deemed to have minimal activities and insignificant influence from the treatment plant activities (Rochette & Bertrand, 2007; Uwumarongie-Ilori & Okieimen, 2010). Soil samples were collected using a stainless-steel shovel placed in Ziploc bags and sealed awaiting further analysis. The Water samples were collected in pre-cleaned plastic bottles, which had been rinsed with distilled water after washing with nitric (V) acid solution. A total of forty soil samples were collected from the wood treatment plants, eight soil samples from site E, and six water samples. All samples were carefully labelled prior to analysis. water and soil samples were analysed in triplicate for metal concentrations using an Agilent 7900 Inductively Coupled Plasma–Mass Spectrometer (ICP-MS) at Kenya Plant Health Inspectorate Service (KEPHIS) Analytical Chemistry Laboratory, Nairobi. Leachate samples obtained from the leaching experiment were analysed for As, Cu and Cr using a Thermo Scientific iCAP 7400 Inductively Coupled Plasma-Optical Emission Spectrometer ICP-OES.

Total organic carbon was determined in soil samples from one of the sites according to the elementary analysis method (ISO, 1995; Jensen et al., 2003). Briefly, the soil samples were first treated with hydrochloric acid to eliminate any carbonates that would interfere with the amount of carbon content in the sample. They were then heated to 900°C to oxidize carbon to carbon (IV) oxide. The carbon (IV) oxide gas produced was measured gravimetrically and total organic carbon determined as per Equation 1. 

………………………...Equation (1)

Where 
Wc,t is the total carbon content, in grams per kilogram, on the basis of oven-dried soil.
m1 is the mass, in grams, of the sample.
m2 is the mass, in grams, of carbon (IV) oxide released by the soil sample.
0.2727 is the conversion factor for CO2 to C.
w   is the water content, expressed as a percentage by mass, on a dry mass basis.  
Soil pH was determined with 1:5 w/v ratio of soil to 0.01 M CaCl2 by Orion star logR pH meter (FAO, 2021). 

2.3 Sample analysis 

A soil sample weighing 0.5 g was placed in a digestion tube fitted in a rotor and the rotor placed in the fume hood where 9 mL of nitric acid and 4 mL of perchloric acid was added then placed in a microwave digester for samples to digest for 45 minutes. After digestion, the samples were allowed to cool down and transferred into a 250 mL volumetric flask then diluted to the mark using deionized water. The resulting mixture was left undisturbed for 24 hours to allow sediments to settle down. A portion of the sample was then placed in a vial for analysis by ICP-MS. Preparation of water samples followed the same procedure with 45 mL being used. For the preparation of standards, nitrate salts were used to prepare a 1000 mg/L stock solution, followed by addition of 5% nitric acid and deionized water which was used to top up to the mark. Using the dilution formula (C1V1 = C2V2), a 10 mg/L intermediate solution was then prepared from the stock solution. This was further diluted to prepare 1 mg/L solution, which was subsequently used to prepare the working standards. Seven different levels which are; 5 µg/L, 10 µg/L, 20 µg/L, 30 µg/L, 50 µg/L and 100 µg/L were prepared. Levels of Cu, Cr, As were determined by using the regression equation from the calibration curves.

2.4 Determination of rate of leaching through rain fall simulation  

The experimental setup for rainfall simulation was constructed in the laboratory following the methods described by Coles et al. (2014) and Lebow (2014), with slight modifications to suit the study conditions as shown in Fig. 2. Briefly, one of the water taps was modified with a shower head to produce rain. The water (pH 8.12) in the laboratory was supplied from a borehole within the institution. A freshly treated log (Eucalyptus grandis) measuring 36 cm by 25.3 cm, with 20 kg/m3 retention was acquired from one of the wood treatment facilities for this study. It was then vertically placed in a plastic drum (height 478 mm, diameter 430 mm), ensuring that it did not come into contact with any stagnant water. The drum was perforated so that the rainwater runoff was collected in another drum (500 L) where sub-sampling was done using plastic bottles pre-washed with nitric (V) acid and the pH was determined immediately. The collection container was emptied before reattachment to the perforated drum.
The leaching experiment was carried out within one month, where three samples were collected per week. During the first day of the first week, five samples were collected since the rate of leaching was expected to be high at the beginning. The time intervals for sample collection for the first day were 12, 24, 36, 48 and 60 minutes. For the remaining days, sampling was done after 60 minutes of continuous rainfall as shown in Table 8. Also, one background sample was collected from the simulated rainfall without exposure to the treated log, bringing the total number of samples collected to 17. Sampling was done after each rainfall event and rainfall amount was measured as described by Coles et al., (2014). The amount of rainfall (measured in volume) was used to calculate the rainfall intensity by dividing the volume of water by the surface area over which the rain was applied and multiplying by the time taken as per Equation 2.

     ………………………………….……..Equation (2)

Where;   is the rainfall depth in cm, and  is time in hours. The answer was multiplied by 10 to convert the cm to mm (Boucher, 2017). The mass of heavy metals that leached from the wood was calculated as a product of the concentration of each metal and the volume of the leachate collected (Hasan et al., 2010).
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Fig. 2. Diagrammatic representation of the rainfall simulation

2.5 Quality assurance and quality control

Throughout the study, quality assurance and control were considered. Blank analysis was done in every test and the results presented are an average of triplicate analysis. Distilled water was used throughout the laboratory experiments and 10 % HNO3 was used to clean plastic bottles used in collection of water samples.

2.6 Data analysis

Analysis of data and graph presentation was done using Microsoft excel 2016 and origin pro 2018 software.

3. results and discussion

3.1 Characteristics of the sampling sites 

The reported soil pH values for all the sites were weakly acidic except for site B, which was nearly neutral. These findings are consistent with previous studies (Bhattacharya et al., 2002; Uwumarongie-Ilori & Okieimen, 2010). The acidic nature of the soils may partly be attributed to the leaching of CCA components, which can contribute to soil acidification (Rasheed & Atemimi, 2025). However, soil pH is governed by multiple interacting factors, including climate, topography and the nature of the parent material from which the soils developed (Zhang et al., 2019). The relatively higher pH observed at site B, despite its prolonged exposure to CCA, suggests the influence of buffering mechanisms, particularly soil clay and organic matter content, which help stabilize soil acidity (USDA-NRCS, 2014). These components can raise soil pH and reduce the extent of pH decline. Therefore, while CCA may lead to soil acidification, the pH at site B appears to be more strongly controlled by soil properties; however, further research is required to fully explain the influence of clay and organic matter on soil pH under prolonged CCA exposure. Table 1 below summarizes the characteristics of the four wood treatment plants and the background site.

Table 1. Characteristics of the four treatment sites and levels of Cr, Cu and As
	Parameter 
	Site A
	Site B
	Site C
	Site D
	Site E

	Species of Eucalyptus tree
	Eucalyptus grandis (common), Eucalyptus saligna.
	Eucalyptus grandis (common), Eucalyptus saligna.
	Eucalyptus blobulus
	Eucalyptus grandis, Eucalyptus saligna
	Varied

	Type of CCA formulation
	CCA Type C
	CCA Type C
	CCA Type C
	CCA Type C
	Varied

	Duration in years
	11
	Above 15
	8
	12
	Unknown

	Mean Soil pH
	6.59
	7.23
	5.68
	5.60
	5.65




3.2 Soil characterisation

Soil characterisation involved the determination of total organic carbon (TOC) and the pH. TOC was determined for soil samples from site B to evaluate its influence on heavy metal distribution in soils. The TOC values ranged from 0.81% to 3.92% (Table 2). Surface soils exhibited higher TOC content compared to subsurface soils, which can be attributed to the accumulation of organic residues, plant litter, and microbial activity at the soil surface. This is consistent with findings reported by Gaur et al. (2023).

The relatively higher TOC content in surface soils is significant, as organic matter plays a crucial role in the adsorption and retention of heavy metals through complexation and binding to functional groups such as carboxyl and phenolic groups. Consequently, soils with higher TOC are expected to exhibit enhanced metal adsorption capacity and reduced metal mobility (He et al., 2020; Tukura et al., 2010). 

Table 2. Total organic carbon (TOC) and total organic matter (TOM) in soil samples from site B.

	Sample identification 
	% TOC
	% TOM

	SBP 1a 10 cm
	1.74
	3.00

	SBP 1a 30 cm
	1.49
	2.57

	SBP 1b 10 cm
	1.31
	2.25

	SBP 1b 30 cm
	0.81
	1.39

	SBP 2a 10 cm
	2.18
	3.75

	SBP 2a 30 cm
	1.55
	2.68

	SBP 2b 10 cm
	1.24
	2.14

	SBP 2b 30 cm
	0.93
	1.61

	SBP background 10 cm
	3.92
	6.75

	SBP background 30 cm
	1.18
	2.04



The pH values of the soil samples ranged from 4.17 to 7.60 (Table 3), indicating conditions ranging from slightly acidic to weakly alkaline. The influence of pH on mobility, solubility and bioavailability of heavy metals in soil is very crucial. Under acidic conditions, the high concentration of hydrogen ions promotes the desorption of metal ions from soil particles and organic matter, thereby increasing the solubility of cationic metals in the soil solution. As a result, heavy metals become more mobile and potentially more bioavailable, increasing the risk of leaching and environmental contamination. 

In contrast, near neutral to alkaline conditions enhance the development of negatively charged sites on clay minerals and organic matter. This promotes the adsorption and precipitation of heavy metals through the formation of insoluble hydroxides and carbonates, ultimately reducing their mobility and bioavailability (Alloway, 2012). However, the concentrations of Cr, As and Cu observed from this study did not consistently follow this pH-dependant trend. This discrepancy indicates that metal mobility in soil is not governed by pH alone. Similar   observations were reported by Nakiguli et al. (2020), who found that the mobility of Cr and As may increase under alkaline conditions due to the formation of negatively charged species, while copper mobility tends to increases under acidic conditions. This highlights that the influence of pH is metal-specific and strongly dependant on chemical speciation. 

Study by Kicinskai et al. (2022) sheds more light on this by pointing out other soil properties such as organic matter content, mineral composition and adsorption processes that can significantly influence heavy metal distribution and may override  pH effects. Therefore, the results of this study suggest that metal mobility is controlled by multiple interacting factors rather than pH alone.

 

Table 3. pH values for soil samples from all the sites  
	SITE
	A
	B
	C
	D
	E

	1A 10 cm
	7.07
	7.40
	5.32
	6.47
	-

	1A 30 cm
	6.86
	7.53
	5.17
	6.54
	-

	1B 10 cm
	7.05
	7.54
	6.85
	5.43
	6.3

	1B 30 cm
	6.22
	7.44
	6.83
	4.87
	6.31

	2A 10 cm
	7.42
	6.96
	5.88
	5.47
	4.22

	2A 30 cm
	5.57
	7.08
	5.32
	4.81
	4.25

	2B 10 cm
	5.99
	7.60
	5.37
	4.37
	6.13

	2B 30 cm
	7.14
	7.50
	5.13
	4.17
	6.35

	Background 10 cm
	6.42
	6.63
	5.67
	7.24
	5.73

	Background 30 cm
	6.13
	6.58
	5.23
	6.61
	5.89

	Mean
	6.59
	7.23
	5.68
	5.60
	5.65

	Standard deviation
	0.60
	0.39
	0.65
	1.06
	0.90



3.3 Levels of chromium, copper and arsenic in water 

Levels of heavy metals in water samples ranged from <LOQ (Limit of Quantification) to 0.04 mg /L as shown in Table 4 below. All the levels were below WHO guidelines and so the water may be deemed fit for domestic use (World Health Organization, 2017). Tap water from site B is supplied by the county council and it is expected that the water is treated before supplying. The fact that the water samples from borehole sources were not contaminated with metals under investigation means that metals in soil do not penetrate to the underground water to affect borehole water and also the wood treatment plants ensure that water harvesting channels are not exposed to contaminated dust. Similar studies have indicated that contamination of ground water at wood treatment plants by chromium, copper and arsenic is less common (Rosenfeld & Plumb, 1991). Arsenic contamination in ground water is majorly associated to its natural occurrence in minerals and not to the use of wood preservatives or any other anthropogenic activities (Shankar et al., 2014). 

Table 4. Levels of chromium, copper and arsenic in water and WHO guidelines
	
	Concentration (mg/L) – mean ± standard deviation

	Site 
	Sample identification 
	Cr
	Cu 
	As

	B
	SB rain water
	<LOQ
	0.01 ± 0.00
	<LOQ

	
	SB tap water
(from county council)
	<LOQ
	<LOQ
	<LOQ

	C
	SC rain water
	0.01 ± 0.00
	<LOQ
	<LOQ

	
	SC bore hole water
	<LOQ
	<LOQ
	<LOQ

	D
	SD rain water
	<LOQ
	<LOQ
	<LOQ

	
	SD bore hole water
	0.04 ± 0.00
	0.01 ± 0.00
	0.02 ± 0.01

	
	WHO guideline
	0.05
	2
	0.01



LOQ – Limit of Quantification 
LOD: Cr = 0.0008168, Cu = 0.001448, As = 0.0000916

3.4 Levels of chromium, copper and arsenic in soil 

Levels of heavy metals in soil samples in the four sites (A, B, C, D and E) that were sampled are shown in Table 5. Levels ranged from <LOQ (Limit of Quantification) to 1309 mg/kg with the highest reported concentrations for Cr, Cu and As in the soil samples being 1309.50 ± 27.06, 831.31 ± 11.19 and 1213.01 ± 43.95 (mg/kg), respectively. Fig. 3 is graphical representation of the levels of Cr, Cu and As in soils in the four sites.  Soil samples from site A and C were more contaminated than soils from the other sites. Both Site A and C are treatment plants operating on a smaller piece of land compared to the other two sites in this study. This may have led to concentration of heavy metals in the small surface area, increasing the contamination of the soils. For all the sites under study, levels of heavy metals in soil collected from the background points were lower compared to the other soil samples collected from the same sites. However, in a few instances, the level of heavy metals from background soil reported higher values than soil samples collected from other points, which were considered to be more exposed in the treatment plants. This anomaly can be attributed to the possible transfer of heavy metals from where they are highly concentrated to peripheral regions due to the effect of wind dispersion within the treatment plants.

Table 5. Levels of chromium, copper and arsenic in soil

	
	Concentration (mg/kg) – mean ± standard deviation

	
	

	Site
	Sample ID
	Cr
	Cu
	As

	A
	SAP 1A 10 cm
	1309.50 ± 27.06
	831.31 ± 11.19
	1213.01 ± 43.95

	
	SAP 1A 30 cm
	686.07 ± 6.77
	419.22 ± 6.19
	564.38 ± 2.20

	
	SAP 1B 10  cm
	424.46 ± 6.20
	284.69 ± 4.65
	323.79 ± 7.03

	
	SAP 1B 30 cm
	133.89 ± 5.51
	82.87 ± 5.62
	67.96 ± 3.5 3

	
	SAP 2A 10 cm 
	47.93 ± 2.43
	19.86 ± 1.08
	3.98 ± 0.77

	
	SAP 2A 30 cm
	40.76 ± 2.04
	14.83 ± 0.60
	0.10 ± 0.00

	
	SAP 2B 10 cm
	297.14 ± 2.72
	147.95 ± 0.62
	225.97 ± 9.61

	
	SAP 2B 30 cm
	425.39 ± 10.07
	132.13 ± 2.06
	238.77 ± 8.16

	
	SA background 10 cm
	16.59 ± 0.06
	8.48 ± 0.17
	0.06 ± 0.00

	
	SA background 30 cm
	17.08 ± 1.30
	9.65 ± 0.22
	0.14 ± 0.04

	
	SA wood waste
	12,628.66 ± 7.07
	12261.53 ± 42.13
	22,549.77 ± 86.29

	B
	SBP 1A 10 cm
	293.70 ± 1.81
	132.00 ± 0.76
	330.62 ± 2.28

	
	SBP 1 A 30 cm
	203.60 ± 3.54
	103.19 ± 2.40
	217.42 ± 5.75

	
	SBP 1B 10 cm
	111.87 ± 4.51
	56.33 ± 1.10
	27.54 ± 0.57

	
	SBP 1B 30 cm
	51.26 ± 1.20
	27.54 ± 0.57
	36.36 ± 1.39

	
	SBP 2A 10 cm 
	431. 52 ± 13.35
	227.71 ± 3.95
	468.45 ± 21.38

	
	SBP 2A 30 cm
	26.26 ± 0.96
	25.42 ± 1.09
	47.14 ± 4.92

	
	SBP 2B 10 cm
	69.22 ± 3.01
	44.69 ± 1.58
	82.80 ± 1.40

	
	SBP 2B 30 cm
	69.19 ± 0.17
	45.75 ± 0.30
	81.17 ± 2.35

	
	SB background 10 cm 
	16.89 ± 0.83
	14.50 ± 0.44
	0.15 ± 0.00

	
	SB background 30 cm
	16.76 ± 0.90
	12.70 ± 0.46
	0.10 ± 0.00

	
	SB wood waste 10 cm
	1401.38 ± 27.83
	716.36 ± 8.82
	1347.86 ±  24.53

	C
	SCP 1A 10 cm
	231.16 ± 2.92
	93.02 ± 0.27
	218.85 ± 1.41

	
	SCP 1A 30 cm
	121.06 ± 6.80
	45.77 ± 2.52
	110.93 ± 3.73

	
	SCP 1B 10 cm
	775.94 ± 3.76
	361.93 ± 4.65
	849.26 ± 10.68

	
	SCP 1B 30 cm
	532.47 ± 13.19
	228.18 ± 2.82
	599.37 ± 24.48

	
	SCP 2A 10 cm
	513.60 ± 8.55
	207.32 ± 3.55
	526.62 ± 10.40

	
	SCP 2A 30 cm
	774.28 ± 3.44
	361.93 ± 4.65
	849.26 ± 10.68

	
	SCP 2B 10 cm
	227.24 ± 9.33
	86.76 ± 3.75
	223.83 ± 14.56

	
	SCP 2B 30 cm
	38.58 ± 1.67
	38.76 ± 1.63
	<LOQ

	
	SC background 10 cm
	6.231 ± 0.19
	<LOQ
	<LOQ

	
	SC background 30 cm
	2.10 ± 0.68
	<LOQ
	<LOQ

	
	SC wood waste
	6266.92 ±[image: ]34.66
	9431.43 ± 14.23
	81688.53 ± 1309.67

	D
	SDP 1A 10 cm
	248.09 ± 6.47[image: ]
	171.65 ± 3.41
	418.33 ± 14.19

	
	SDP 1A 30 cm
	335.99 ± 4.91
	221.53 ± 3.83
	585.49 ± 1.99

	
	SDP 1B 10 cm
	91.32 ± 4.67
	34.69 ± 1.61
	9.36 ± 5.61

	
	SDP 1B 30 cm
	53.82 ± 0.82
	17.17 ± 0.56
	<LOQ

	
	SDP 2A 10 cm
	58.64 ± 1.73
	25.59 ± 1.21
	29.68 ± 2.27

	
	SDP 2A 30 cm
	39.24 ± 1.72
	15.83 ± 0.98
	<LOQ

	
	SDP 2B 10 cm
	24.56 ± 1.89
	0.56 ± 0.26
	<LOQ

	
	SDP 2B 30 cm
	21.79 ± 2.00
	<LOQ
	<LOQ

	
	SD background 10 cm
	12.93 ± 0.21
	<LOQ
	<LOQ

	
	SD background 30 cm
	11.73 ± 1.12
	<LOQ
	<LOQ

	
	SD wood waste
	871.21 ± 12.53
	409.35 ± 5.36
	1143.36 ± 26.27

	E
	SEP 1 10 cm
	15.60 ± 0.75
	10.68 ± 0.32
	7.65 ± 0.00

	
	SEP 1 30 cm
	6.65 ± 0.27
	4.82 ± 0.12
	7.62 ± 0.00

	
	SEP 2 10 cm
	5.99 ± 0.15
	4.46 ± 0.12
	7.62  ± 0.00

	
	SEP 2 30 cm
	10.54 ± 0.34
	5.54 ± 0.11
	7.63 ± 0.00

	
	SEP 3 10 cm
	7.34 ± 0.29
	4.74 ± 0.16
	7.62 ± 0.00

	
	SEP 3 30 cm
	6.71 ± 0.32
	5.02 ± 0.13
	7.61 ± 0.00

	
	SE background 10 cm
	4.92 ± 0.19
	3.67 ± 0.03
	7.61 ± 0.00

	
	SE background 30 cm
	5.98 ± 0.03
	4.46 ± 0.14
	7.61 ± 0.00

	
	CCME guideline for
Agricultural soils 
	64
	63
	12

	
	CCME guideline for Industrial soils
	78
	91
	12



Soil samples collected near the treatment cylinder and drying area in all the sites reported higher levels of heavy metal concentration in comparison to the other samples. These samples include; SAP 1A and SAP 1B from site A, SBP 1A and SBP 1B from site B, SCP 1A and SCP 1B from site C and from site D, SDP 1A and SCP 1B. Possible leakage of excess chemical during offloading from the treatment cylinder to the drying area might be a major contributor to the high level of heavy metals in the soils collected from these sampling points. Surface sample SBP 2A from site B registered the highest concentration for the three heavy metals in the site, this could be attributed to the continuous storage of the treated poles at the same spot for a long period of time. In addition, this site reported the longest duration period which might have led to accumulation of heavy metals on the surface soil over time. 
The levels of chromium and copper in soil samples collected from the storage area (2A or 2B) in all the sites exceeded the Canadian guideline for industrial soils (CCME, 2007) except in site D. On the other hand, arsenic levels exceeded the guideline in all the sites. Samples from site E reported levels within the guideline for the three heavy metals. Samples 2A and 2B were collected 10 m apart from the storage area where poles were kept after drying ready for the market. Here, the poles are dry thereby reducing possible leakage of CCA preservative into the soil. However, leaching can occur due to rainfall since the poles are not under any shade. This explains the high levels of heavy metals in soils collected from the storage area. 

[image: C:\Users\Admin\Downloads\4 SITES COMBINED 2026 (1).tiff]

Fig. 3 Levels of chromium, copper and arsenic in soil samples from site A, B, C and D. Concentration of heavy metals in soil is given in (mg/kg).

Site E represents a learning institution within Machakos County where soil samples were collected 50 cm from treated electricity poles for comparison with soils from wood treatment plants. The level of contamination in site E is relatively lower compared to that in the treatment plants as shown in Fig. 4. The many activities and steps that involve direct use of CCA preservative are only characteristic of a wood treatment plant, and this explains the difference in the level of contamination at Site E.

Generally, the concentration of heavy metals in soil decreased with depth across all the sites. This trend can be attributed to the surface accumulation of heavy metals released through leaching from CCA-treated wood, there is limited mobility downwards in the soil profile (Chirenje et al., 2003). Soils act as a sink for heavy metals, where they are retained through binding with organic matter and clay minerals, reducing their mobility. However, metals present in the soil solution remain available for migration and plant uptake (Yakovets, 2021). Besides, the higher organic matter content in surface soils enhances the retention of metals through adsorption and complexation processes, whereas the reduced organic matter content at greater depths lowers the soil's capacity to retain the metals (Yu et al., 2023). This explains the decrease in heavy metal concentration with increasing in soil depth.
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Fig. 4. Levels of chromium, copper and arsenic in soil samples from site E. concentration of heavy metals in soil is given in (mg/kg).

3.5 Non-Parametric Tests 

[bookmark: _GoBack]The Shapiro-Wilk test for normality was applied, and all the p-values were <.05, indicating non-normally distributed data for heavy metals concentrations in soil samples. Consequently, the Kruskal–Wallis test for statistical significance of levels of heavy metals in soil samples across all the sites was applied and the results are as shown in Table 6 below. From these results, there were no statistically significant differences in the levels of heavy metals among the sites (P>.05). This could be as a result of similar activities such as treatment processes and operational procedures done in the different wood treatment plants, leading to uniform levels of heavy metals in soils across the sites. These activities may include comparable rates of CCA application, similar handling of treated wood, and uniform waste disposal methods. Such practices could result in consistent patterns of contamination, leading to relatively uniform levels of CCA-related heavy metals in soils across the study areas.

Table 6. Kruskal - Wallis test for heavy metal concentration in soils from the four treatment plants 
	Heavy metals
	n
	X2 (3)
	p-value
	Mean Rank
(site A)
	Mean Rank
(site B)
	Mean Rank
(site C)
	Mean Rank
(site D)

	Chromium 
	10
	3.73
	0.29
	23.80
	18.90
	23.90
	15.40

	Copper 
	10
	4.99
	0.17
	23.80
	20.40
	24.00
	13.80

	Arsenic 
	10
	5.49
	0.14
	23.25
	21.55
	24.00
	13.2

	Heavy metals
	n
	X2 (3)
	p-value
	Mean Rank
(site A)
	Mean Rank
(site B)
	Mean Rank
(site C)
	Mean Rank
(site D)

	Chromium 
	10
	3.73
	0.29
	23.80
	18.90
	23.90
	15.40

	Copper 
	10
	4.99
	0.17
	23.80
	20.40
	24.00
	13.80

	Arsenic 
	10
	5.49
	0.14
	23.25
	21.55
	24.00
	13.2




3.6 Effect of pH and TOC on heavy metals concentration in soil

Spearman correlation analysis was applied to deduce the kind of relationships that exist among the variables. The analyses indicated a significant positive correlation in; Cu – Cr, As – Cr and As – Cu as shown in Table 7. There was a positive correlation for Cr, Cu and As with both pH and TOC. On the other hand, pH correlated negatively with TOC and this corroborates with previous studies (Halim et al., 2015).

The significant positive correlation reported in levels of Cr, Cu and As with each other in the soil could be attributed to their common source, since they are all components of the CCA chemical. The degree of correlation can be used to predict a common source of heavy metals in soil (Pan et al., 2020). Positive correlation of Cr, Cu and As with the soil pH indicates that metal adsorption increases under alkaline conditions when the pH is high. This is due to electrostatic forces of attraction between the positively charged metal ions and the negatively charged surfaces of the soil. The positive correlation of Cr, Cu and As with TOC is due to the available adsorptive surfaces for the heavy metals as a result of increase in organic carbon content in the soil (Tukura et al., 2010). The negative correlation of TOC with pH is attributed to the high organic matter in soil as a result of high TOC content. The organic matter upon decomposition produces organic acids that lower the pH of the soil (Fabian et al., 2014). Future research should be done to give a detailed comparison of TOC content in soils across different wood treatment facility.
 
Table 7. Spearman correlation of heavy metals with pH and TOC in soil at site B

	Variables 
	TOC
	pH
	Cr
	Cu
	As

	TOC
	1
	-0.38182
	0.29697
	0.27273
	0.29697

	pH
	
	1
	0.4303
	0.39394
	0.29697

	Cr
	
	
	1
	0.98788*
	0.86667*

	Cu
	
	
	
	1
	0.85455*

	As
	
	
	
	
	1



*Significant correlation at .05 level (two-tailed)

3.7 Levels of chromium, copper and arsenic in wood waste

Wood waste in this study refers to the waste from treated wood as a result of friction during movement of the treated poles from the treatment cylinder to the drying area. The concentration of heavy metals in the wood waste ranged from 409.35 ± 5.36 to 81688.53 ± 1309.67, being the highest values recorded in this study. These increased concentrations are likely due to the cylinder opening and unloading stage, that involve workers handling freshly treated wooden poles. At this stage, there is direct contact with the freshly treated poles, potentially leading to higher exposure levels. The high concentrations reported pose a serious health risk to workers, especially if personal protective equipment (PPE) is not adhered to. These results are in agreement with results from a study by Bühl et al., (2017), who also identified the cylinder opening and unloading stage as a critical point of exposure for workers involved in wood treatment facilities. 
 
3.8 Rate of leaching
  
The concentration of As, Cu and Cr in the leachate samples from the rainfall simulation experiment ranged from <LOQ (Limit of Quantification) to 0.29 mg/L as shown in Table 8 below. From the results, arsenic reported the highest concentration while Cr reported the lowest concentration. Particularly, the highest As concentration was observed at the lowest rainfall rate. This agrees with findings by (Lebow, 2014), who reported that lower rainfall rates tend to result in greater leaching. This is because there is more contact time between rain drops and the wood surface during lighter rainfall enhancing the leaching process. Conversely, heavier rainfall produces faster runoff, limiting the interaction time and thus reducing the extent of leaching. During the first two weeks, leaching of Cu was more evident than that of Cr. By the third week, leaching was similar for both Cu and Cr as shown in Table 9. Our results are consistent with those reported by Coles et al., (2014) who also observed similar trends in Cu and Cr leaching. In the control sample, 0.01 mg/L of As was detected, matching the WHO limit for As concentration in drinking water. In contrast, Cu and Cr concentrations were below detection limit. The pH for the leachate samples ranged between 2.72 to 8.19, where the lowest and highest values were recorded from the first and last samples respectively. The results confirmed that leaching of CCA components from treated wood occurs as a result of rainfall.

Table 8. Rate of rainfall, pH and concentrations of As, Cu and Cr in leachate 

	Sample
	pH
	Concentration in leachate (mg/L)
	Volume of rainfall
(cm3)
	Rate of rainfall (mm/h)

	
	
	As
	Cu
	Cr
	
	

	
Background
	
8.12
	<LOQ
	<LOQ
	< LOQ
	
-
	
-

	WK1D1 12 MIN
	2.72
	0.07 ± 0.02
	0.16 ± 0.09
	0.03 ± 0.02
	48148.10
	715.33

	WK1D1 24 MIN
	7.36
	0.10 ± 0.01
	0.06 ± 0.02
	0.01 ± 0.00
	74174.10
	551.00

	WK1D1 36 MIN
	7.36
	0.09 ± 0.03
	0.05 ± 0.01
	0.01 ± 0.01
	111261.15
	551.00

	WK1D1 48 MIN
	7.43
	0.08 ± 0.02
	0.03 ± 0.01
	0.01 ± 0.00
	137937.80
	512.33

	WK1D1 60 MIN
	7.30
	0.08 ±0.01
	0.04 ± 0.02
	0.01 ± 0.02
	171771.60
	510.40

	WK1D2 60 MIN
	7.82
	0.05 ± 0.02
	0.01 ± 0.00
	< LOQ
	198448.25
	589.67

	WK1D3 60 MIN
	7.85
	0.05 ± 0.03
	0.01 ± 0.01
	0.01 ± 0.01
	225775.55
	670.86

	WK2D1 60 MIN
	8.11
	0.12 ±0.08
	0.02 ± 0.01
	0.01 ± 0.01
	172422.25
	512.33

	WK2D2 60 MIN
	7.67
	0.13 ± 0.08
	0.02 ± 0.00
	0.01 ± 0.00
	178928.75
	531.67

	WK2D3 60 MIN
	7.97
	0.16 ± 0.09
	0.01 ± 0.01
	0.01 ± 0.01
	150950.80
	448.53

	WK3D1 60 MIN
	7.80
	0.20 ± 0.10
	0.02 ± 0.02
	0.02 ± 0.02
	195195.00
	580.00

	WK3D2 60 MIN
	7.83
	0.21 ± 0.12
	0.02 ± 0.01
	0.02 ± 0.01
	132081.95
	392.47

	WK4D1 60 MIN
	7.83
	0.29 ± 0.20
	0.02 ± 0.01
	0.02 ± 0.01
	81331.25
	241.67

	WK4D2 60 MIN
	7.89
	0.13 ± 0.08
	0.01 ± 0.01
	0.01 ± 0.01
	159409.25
	473.67

	WK4D3 60 MIN
	8.09
	0.11 ± 0.09
	0.01 ± 0.00
	0.01 ± 0.00
	213413.20
	634.13

	WK4D4 60 MIN
	8.19
	0.14 ± 0.11
	0.01 ± 0.00
	0.01 ± 0.00
	131431.30
	390.53



WK represents week; 1, 2, 3 and 4. D represents days and 12, 24, 36, 48, 60 represents minutes
LOD: As = 0.0035, Cr = 0.0002, Cu = 0.0003

During CCA fixation, Cr(VI) is reduced to Cr(III), forming insoluble complexes that strongly bond with lignin and cellulose, minimizing chromium leaching. Cu(II) forms weaker ionic bonds with acidic functional groups in wood. Arsenic however, forms complexes such as CrAsO4, Cu(OH)CuAsO4 through much weaker bonds making it more prone to leaching (Hingston et al., 2001; Humphrey, 2002). From Table 8, rate of leaching of As was reported as the highest, while Cr and Cu showed similar leaching rates as the experiment progressed (Fig. 5).
 
Table 9. Total mass of As, Cu and Cr lost and the corresponding leaching rates

	Sample 
	As mass (mg)
	Cu mass (mg)
	Cr   
mass
(mg)
	 Rate of leaching
(×10-4 mg/cm2/h)


	
	
	
	
	Cr
	Cu
	As

	  Background
	0.45
	-
	-
	
	
	

	WK1D1 12MIN
	3.37
	7.70
	1.44
	21.45
	114.45
	50.07

	WK1D1 24MIN
	7.42
	4.45
	0.74
	5.51
	33.06
	56.00

	WK1D1 36MIN
	10.01
	4.45
	1.11
	5.51
	22.04
	49.59

	WK1D1 48MIN
	11.04
	4.14
	1.38
	5.12
	15.37
	40.99

	WK1D1 60MIN
	13.74
	6.87
	1.72
	5.10
	20.42
	40.83

	WK1D2 60MIN
	9.92
	1.98
	*
	*
	5.90
	29.48

	WK1D3 60MIN
	11.29
	2.26
	2.26
	6.71
	6.71
	33.54

	WK2D1 60MIN
	20.69
	3.45
	1.72
	5.12
	10.25
	61.48

	WK2D2 60MIN
	23.26
	3.58
	1.79
	5.32
	10.63
	69.12

	WK2D3 60MIN
	24.15
	1.51
	1.51
	4.49
	4.49
	71.77

	WK3D1 60MIN
	39.04
	3.90
	3.90
	11.60
	11.60
	116.00

	WK3D2 60MIN
	27.75
	2.64
	2.64
	7.85
	7.85
	82.42

	WK4D1 60MIN
	23.59
	1.63
	1.63
	4.83
	4.83
	70.08

	WK4D2 60MIN
	20.72
	1.59
	1.59
	4.74
	4.74
	61.58

	WK4D3 60MIN
	23.48
	2.13
	2.13
	6.34
	6.34
	69.75

	WK4D4 60MIN
	18.40
	1.31
	1.31
	3.91
	3.91
	54.68



The leaching experiment was performed on a single CCA-treated specimen from one site to provide a general overview of leaching behaviour. However, the absence of replication limits the ability to assess variability and generalize the findings. Therefore, the results should be interpreted with caution. Future research should include multiple CCA-treated specimens for replication in order to confirm these results and support broader generalisations.
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Fig. 5. Rate of leaching of Cr, Cu and As in mg/cm2/ h from leachate samples collected from the simulated rainfall 

4. Conclusion

The study has provided data on the levels of chromium, copper and arsenic in water and soil collected from four wood treatment plants in Kenya where majority of the soil samples reported levels that exceeded the safe levels. Concentration of heavy metals was highest near the treatment cylinder which poses a risk of exposure to the workers in the facilities who fail to use their protective gear. Moreover, the results have indicated that leaching continues to occur even while the treated wooden poles are in storage. Elevated concentrations of Cr (774.28 mg/kg), Cu (361.93 mg/kg) and As (849.29 mg/kg) were detected in soils around the storage area. Therefore, treatment facilities may consider providing an enclosed and sealed surface so that treated wood does not come into contact with soil during storage. Furthermore, the environmental conditions like rain have been shown to be major contributor to leaching of CCA elements. The wood treatment plants can also consider a shade around the storage area to eliminate leaching within the facilities. This will help in reducing exposure to the workers as well as promoting a healthy environment. Besides, stringent measures on protective gear, disposal/ recycling of CCA chemical and frequent awareness should be availed to the workers in order to reduce their exposure. Apart from implementing best management practices and conducting frequent monitoring of CCA-related contamination, use of less toxic, arsenic free alternatives should be adopted. Micronized Copper Azol type C (MCA-C) has been reported as a potential substitute due to its comparatively lower toxicity. It contains tebuconazole, propiconazole, and micronized copper. In addition, viable soil remediation strategies for CCA contaminated soils should be implemented. 
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