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Abstract

:

ZnO nanostructured materials have been widely utilized in several environmental depollution applications. In the current work, ZnO nanorods were grown using the electrodeposition method with different precursor concentrations. A variation in the dimensions of the nanorods grown with the different precursor concentrations was noticed, as expected. The ability of the fabricated nanorods to remove water pollutants under UV irradiation and their photocatalytic performance stability was also evaluated over a prolonged period of time. Interestingly, the samples grown in different conditions exhibited different capabilities to maintain their morphology and their photocatalytic performance after they were kept in contaminated water for a long time. Moreover, some samples also were found to remain photocatalytically active for approximately 47% longer than other samples. These findings indicate that the performance stability of ZnO nanorods for pollutants removal and their robustness can be greatly improved by controlling their growth parameters, which will favorably impact the use of ZnO nanorods for water-treatment applications and their economic aspects.
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1. Introduction


The emerging nanotechnologies offer practical solutions for many issues in various application fields. Many research groups have used nanotechnology to deal with many environmental problems [1,2]. Nanomaterials and their composites have been successfully utilized for environmental monitoring, environmental control, environmental remediation, and environmental improvements [1,2,3,4,5,6]. Among the various nanomaterials tested, ZnO nanostructures have shown high potential for environmental applications and hold many promises for substantial future improvements [7]. For example, ZnO quantum dots have been employed in the detection of different organic and inorganic environmental pollutants [8]. ZnO nanoparticles with different morphologies and superior photodegradation ability of methylene blue (MB) have also been reported in the literature [9]. A recyclable photocatalyst based on hierarchical ZnO nanoplate–nanowire structures has been prepared and effectively utilized to degrade methyl orange (MO), an environmental pollutant [10]. ZnO one-dimensional nanostructures have also attracted considerable interest for environmental applications due to their excellent physical and chemical properties. These include ZnO nanorods, nanowires, and nanotubes. The high aspect ratio of these nanostructures and the low production costs made them among the most favorable photocatalyst materials for environmental pollutants degradation [11]. Photodegradation of methylene blue (MB) has been demonstrated with good degradation efficiency using electrodeposited ZnO nanorods [12]. In addition to the important investigations into the properties of these nanostructures and their ability to provide solutions to environmental issues, the recyclability and the related economic context of ZnO nanostructures in terms of their production costs and durability are equally important. Long ZnO nanowires have been grown and have been utilized in the photodegradation of rhodamine B and 4-chlorophenol. The grown nanowires have shown decent photocatalytic activity, with high potential for use as effective recyclable photocatalysts. ZnO nanoparticles have also been synthesized and tested for rhodamine B degradation. The synthesized nanoparticles have demonstrated a good photocatalytic performance in a number of degradation cycles [13,14]. Moreover, the effect of the type of precursor used to grow ZnO nanocatalysts on their morphological, structural, and photocatalytic properties has been addressed in the literature. ZnO nanostructures prepared using zinc acetate have been shown to have better photocatalytic activity than that prepared using zinc nitrate due to their crystalline quality and specific surface area, according to a previous study [15]. Another study investigated the effect of using different concentrations of the same zinc precursor on the properties of ZnO nanoparticles and reported an improvement in the degradation ability of dyes [16]. Zhang et al. have examined the influence of the aspect ratio of ZnO nanorods on their photocatalytic performance and concluded that increasing the aspect ratio of the nanorods considerably enhances their photocatalytic activity [17]. The shape of ZnO nanostructures also plays a major role in determining their physical properties and photocatalytic performance for environmental applications [18,19]. However, it is well known that erosion of ZnO structures takes place when they are exposed to water, especially water with extreme PH values [20,21,22]. Therefore, in the field of environmental application and, specifically, water pollutants removal, the stability of the ZnO photocatalysts and their erosion resistance are of great importance in terms of their durability, as well as their economic feasibility for treating contaminated water. Various studies have reported the effect of erosion on ZnO structures for growth orientation and structures transformation in water-splitting and in water-treatment applications [20,21,22,23,24,25,26,27]. Additionally, some previous studies have reported that ZnO shows good thermodynamic stability in aqueous solutions in the high pH range from 8 to 13 [28]. However, it is difficult to find any reports on improving the erosion resistance of ZnO nanostructures in aqueous media through controlling their growth conditions. Therefore, in the current study, we attempt to investigate the effect of the growth conditions on the photocatalytic activity of ZnO nanorods and their water-treatment performance stability. The study also examines the influence of controlling the precursors’ concentrations on the erosion resistance of ZnO nanorods in aqueous media and the related morphological changes, along with their correlation with the nanorods’ photocatalytic activity durability and their photocatalytic performance stability. The findings of the study are expected to contribute significantly to the ZnO-based nanomaterials research and open the door for further investigations into the production of highly durable, economically feasible, and environmentally friendly water-pollutants removal materials.




2. Materials and Methods


The growth of the ZnO nanorods in this study was carried out using an electrodeposition technique. The electrodeposition method is a low-cost and flexible technique that allows the nanostructured materials to be deposited on a variety of conductive substrates. A simple home-made electrodeposition setup containing a two-electrode cell and a DC power supply was used for the deposition of the nanorods. The working electrode (gold-coated glass substrate) and the counter electrode (platinum wire) were separated by 30 mm during the electrodeposition process. The nanorods were grown on gold electrodes sputtered onto glass substrate with a gold area of 1 cm2 and a thickness of about 120 nm. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, reagent-grade, 98%, from Sigma Aldrich, Gillingham, UK) along with hexamethylenetetramine (HMTA, puriss. p.a. reagent-grade, ≥99.5%, from Sigma Aldrich, UK) were used as precursors and were dissolved in DI water at different molarities in the range from 0.015 M to 0.045 M. The growth solution was kept under continuous stirring and its temperature was gradually raised to 80 °C. Once the temperature stabilized, the gold electrodes were immersed in the growth solution and a voltage of −1.0 volts was applied. After a period of 1 h, the ZnO nanorods grown on the cathode electrode were removed from the solution and were cleaned with DI water several times and were then dried with nitrogen. Table 1 shows the details of the grown nanorods samples used in this study. The grown nanorods were used to remove methylene blue (MB), an organic pollutant, from water. To achieve this, water samples polluted with 10−5 M of MB and with a pH value close to neutral (pH~6.8) were prepared. Each nanorods sample was immersed in a beaker containing 10 mL of the contaminated water and was exposed to a UV light of a power density of 50 × 10−6 W/cm2 and a wavelength of 365 nm to study the photocatalytic activity of the prepared samples. The UV light source was kept at 10 cm above the tested samples during irradiation. The absorption spectra of the water samples were taken at different times in the range from 0 to 225 min using a Thermo Scientific spectrophotometer (Evolution 300 UV–Vis, Waltham, MA, USA) to evaluate the degradation of the MB with the irradiation time. The samples were also kept in the water for 60 days and their photocatalytic activity was re-evaluated every 30 days to test the performance stability of the prepared samples. Additionally, images of the samples were taken using the FEI Quanta 250 scanning electron microscope to investigate the possible morphological changes in the samples after they had been kept in an aqueous environment for a prolonged period. The variation in the samples’ performance in terms of pollutant degradation and in their morphology was analyzed in detail and is presented in the following sections.




3. Results and Discussion


The SEM images of the grown ZnO nanorods samples with different precursor concentrations are shown in Figure 1a. It is clear that the concentration of the precursors strongly affects the growth of the nanorods. Samples prepared from solutions with less HMTA molarity in comparison with zinc nitrate (i.e., S1 and S4) show enhanced growth, with larger nanorods dimensions.



In contrast, samples grown from solutions with more HMTA molarity in comparison with zinc nitrate (i.e., S2 and S5) show nanorods with smaller dimensions. In both situations, the prepared samples have high densities of ZnO nanorods. The sample, S3, prepared from a solution with equal zinc nitrate and HMTA molarities shows successful growth of randomly oriented nanorods with less density and average dimensions in comparison with other samples. These observations confirm the key effect of the precursors concentration on the growth process and the role of a high HMTA concentration in inhibiting the growth of the nanorods. Similar effects have been observed in previous studies [29,30,31]. The radial growth of the nanorods and the development of their sides is strongly inhibited by the high concentration of HMTA [29].



The following chemical reactions illustrate the role of each precursor, zinc nitrate (Zn(NO3)2 and HMTA(C6H12N4), in the growth of the ZnO nanorods [29]:


  Z n   ( N   O   3   )   2   →   Z n   2 +   + 2 N   O   3   −    



(1)






  N   O   3   −   +   H   2   O + 2   e   −   → N   O   2   −   + 2 O   H   −    



(2)






    C   6     H   12     N   4   + 6   H   2   O ⇌ 6 C O   H   2   + 4 N   H   3    



(3)






  N   H   3   +   H   2   O ⇌ N   O   4   +   + O   H   −    



(4)






    Z n   2 +   + 2 O   H   −   → Z n (   O H )   2    



(5)






  Z n (   O H )   2    →  80 °   Z n O +   H   2   O  



(6)







The reaction of HMTA (C6H12N4) with water at 80° (in 3 and 4) releases more OH− ions. Therefore, in increased HMTA concentration conditions, the presence of excessive OH− ions is expected. This high concentration of OH− ions reduces the growth rate of ZnO nanorods and may also lead to their dissolution [32]. Moreover, the good or poor alignment of the nanorods and their growth density, as observed in Figure 1, can be related to the availability of the zinc precursor in the solution. At a low zinc nitrate/HMTA molar ratio, the zinc precursor can be depleted faster than OH− ions, which leaves the growth solution with a high OH− concentration and, therefore, a high possibility of nanorods eroding, leading to a subsequent deterioration of their alignment quality and vice versa [33,34].



The observed changes in the morphology of the grown ZnO nanorods can be explained based on the growth and erosion competition mechanism implemented during the growth process of the nanorods [35]. The polar (0002) facet of ZnO nanorods in the direction of the c-axis has greater ability to attract the available OH− in the growth solution in comparison with the more stable non-polar side facets. Therefore, the top facet is more susceptible to growth and eroding. At a low OH− concentration, the growth rate surpasses the erosion rate, and nanorods with enhanced dimensions are produced. In contrast, the erosion rate becomes greater than the growth rate at a high OH− concentration, as the excessive OH− ions participate in the eroding of the nanorods, resulting in the growth of nanorods with reduced dimensions. The eroding process of the nanorods in the presence of excessive OH− can be described through the following reactions [35]:


  Z n O + O   H   −   →   Z n O   2   2 −   +   H   2   O  



(7)







Figure 1b also shows the energy-dispersive X-ray (EDX) spectra of the grown samples, which indicates the presence of the elements zinc and oxygen and confirms the growth of pure ZnO nanostructures. The analysis of the grown samples composite shows an interesting variation in the atomic ratio of both elements in the samples. The ratios of Zn to O are 78.7:21.3, 79:21, 69.4:30.6, 71.6:28.4, and 79:21 for the samples S1, S2, S3, S4, and S5, respectively. The XRD patterns of the grown nanorods sample are shown in Figure 1c. The figure presents the main diffraction peaks (100), (002), (101), (102), and (103) of the hexagonal crystalline ZnO nanorods with preferential growth along the (002) direction (card no. 96-900-4179) [28]. Some additional peaks related to the gold layer can also be seen in the figure.



Figure 2 shows the absorption spectra of the MB-contaminated water samples in the presence of nanorods samples and at different UV irradiation times. The typical absorption peak of MB can be seen in Figure 2 at a wavelength value of about 664 nm. It can be seen clearly from the figure that all the samples are photocatalytically active, as the intensity of the main MB absorption peak intensity decreases with the increase in the UV irradiation time, but with varying activity levels. Samples S1, S4, and S5 show almost the same photocatalytic performance and are less active in comparison with samples S2 and S3. However, S3 shows the highest activity among the nanorods samples, as clearly shown by the absorption spectrum of the sample at 225 min with reduced MB peak intensity. An improvement in the MB degradation efficiency of about 122% was achieved for S3 in comparison with other samples; this was achieved by controlling the precursors’ concentrations. Figure 3a–d summarizes the photocatalytic performance of the prepared ZnO nanorods samples. The reduction in the concentration of MB with various UV irradiation times for the various nanorods samples is shown in Figure 3a. As seen in the figure, all samples show reductions in MB concentration (C/Co) with the irradiation time to different extents. At the maximum irradiation time (225 min), samples S1, S4, and S5 show a reduction in the MB concentration to about 90% of its initial value. Furthermore, the irradiation of sample S2 reduces the MB concentration to about 85% and a maximum reduction to about 75% can be seen for sample S3. These observations are supported by degradation efficiency calculations (DE % = |(Co − C)/Co| × 100 = |(Ao − A)/Ao| × 100) presented in Figure 3b, where C is the concentration of MB and A is the absorbance [12,36]. As seen in the figure, samples S1, S4, and S5 exhibit a degradation efficiency of about 10% at the highest irradiation time, while samples S2 and S3 show better performance with degradation efficiency of about 15% and 25%, respectively. This variation in the performance of the samples indicates that the concentration of the used precursors and their ratio has a significant influence on the morphological properties of the grown nanorods, as seen from the SEM images above, and their photocatalytic performance.



The reaction constant in each case was obtained based on the linear relation between   − l n   C     C   o       and the irradiation time, as shown in Figure 3c, where the constant k represents the slope of the line. It is clear from the figure that samples S1, S4, and S5 have similar slopes (reaction constants), whereas samples S2 and S3 have higher slopes (reaction constants). The values of the reaction constant for the various nanorods samples are shown in Figure 3d. It is clear from the figure that sample S3, which has a molar ration of zinc nitrate to HMTA equal to unity, has the highest reaction constant values among the prepared samples. The order of the prepared nanorods samples in terms of their photocatalytic activity from the highest to the lowest can be given as S3 > S2 > S4 > S1 > S5. Interestingly, this indicates that the samples with too-high and too-low zinc nitrate to HMTA ratios (i.e., S1 with a ratio of 2.00 and S5 with a ratio of 0.50) show the lowest photocatalytic activity. Therefore, based on these observations, it can be concluded that the precursors concentration and their ratio are very important parameters that can be utilized to tune the photocatalytic performance of ZnO nanorods for water-treatment applications. The observed variation in the photocatalytic activity of ZnO nanorods samples has also been observed and discussed by other researchers investigating ZnO nanostructures. Such variation in the photocatalytic activity depends on many factors, mainly the morphology of the ZnO nanostructures, their surface area, their surface to volume ratio and, more importantly, the surface defects present [10,11]. The surface defects, such as oxygen vacancies and oxygen interstitials, which are considered the active sites for the photocatalytic processes, can potentially reduce the recombination of the photogenerated holes and electrons and thus effectively enhance the photocatalytic activity. Therefore, with the use of different molarity ratios and based on the observed variation in the samples’ morphology and composition, the observed variation in their photocatalytic performance is definitely justified.



Figure 4 shows the variation in the performance of ZnO nanorods over a period of 60 days. The nanorods samples were kept in polluted water and their MB degradation performance was evaluated directly after their synthesis, after 30 days, and after 60 days. As seen in Figure 4a, there was an obvious degradation in the performance of the nanorods with the time the samples were kept in the polluted aqueous environment. Moreover, the observed degradation differed from one sample to another, which can be related to their preparation condition and their morphology as well. The reduction in the photocatalytic performance was similar for samples S1, S4, and S5, while less reduction was observed for samples S2 and S3. Figure 4b shows the performance degradation percentage after 30 days and 60 days. It can be seen from the figure that the degradation in the samples’ performance is in the range of 35–48% in the first 30 days and reaches more than 80% after 60 days. However, the degradation in the case of samples S1, S4, and S5 is more severe (~80%) than that for samples S2 and S3, which experienced a performance degradation percentage of about 53% only after 60 days of being kept in a polluted aqueous environment. The degradation rate of the nanorods samples over a period of 60 days in an aqueous environment is shown in Figure 4c.



The degradation rate of each sample was estimated based on the slope of the linear fitting of the data. Samples S1, S4, and S5 exhibited higher degradation rates than samples S2 and S3. Moreover, sample S2 showed a lower degradation rate than sample S3. Based on these data, the performance durability of the nanorods samples was estimated. The estimation results are presented in Figure 4d and show that sample S2 is the most durable sample, as it can remain photocatalytically active for about 110 days. Then, sample S3 comes second in terms of photocatalytic activity with a photocatalytic activity period of about 106 days, followed by S1, S4, and S5 with activity periods of 78, 76, and 75 days, respectively. These results clearly indicate that the ratio of the precursors used to prepare ZnO nanorods not only affects the photocatalytic performance of the nanorods sample but also plays a key role in determining the amount of time for which the nanorods remain photocatalytically active in aqueous environments. As seen from the figure and the analysis above, an increase in the photocatalytic activity time of the nanorods sample of approximately 47% ([TS2 − TS5/TS5] × 100) can be achieved easily by varying the precursors ratio, which would have a great impact on the use of these nanomaterials and the related economic aspects for water-treatment applications.



In addition to the nanorods samples performance evaluation and their performance durability, the variation in the morphology of the nanorods samples was investigated by imaging the nanorods samples directly after their synthesis, directly after they were first used for water treatment (0 days in water), after their second use for water treatment (after 30 days in water), and after their third use for water treatment (after 60 days in water) as shown in Figure 5. It is clear from the figure that the prepared samples had different abilities in terms of retaining their initial morphology after being kept in an aqueous environment for 60 days. It can be seen from the figure that some samples experienced a high level of corrosion/damage while others were affected to a minimal degree.



For example, in the case of sample S1, severe erosion of the nanorods took place after the nanorods had been kept in water for 30 and 60 days. It also seems that the erosion started at the sides of the nanorods. The same observations can be seen for sample S2, but with less severity. Samples S4 and S5 also exhibited similar erosion behavior, with more erosion occurring in sample S4 in comparison with sample S5. It also appears that the erosion affected the top facet of the nanorods more than their side facets. Sample S3 also experienced a moderate erosion of both the top and side facets, as well as a morphological transformation from nanorods to nanotubes. In general, dissolving MB in water results in a low-pH acidic solution with a pH value in the range of 5–6 [37,38,39]. In such an acidic environment, ZnO nanorods usually erode and their different facets start to dissolve at different degrees [40,41,42,43,44]. Therefore, as the nanorods samples were kept in MB-polluted water with low pH value, the observed erosion that occurred in the nanorod samples was expected. However, the change in the erosion behavior from one sample to another one based was very interesting and was completely attributed to the used precursors ratios. Another interesting observation is that although some studies have reported that the erosion of the [0001] polar facet in the acidic environment was the fastest in comparison with the {0110} non-polar facets, the SEM images in Figure 6 show that the erosion behavior may depend on the sample and its preparation conditions, as discussed above [43,45].



To relate the observed variation in the samples’ morphology and their performance durability, Figure 6 presents the SEM images of sample S3 after it was kept in polluted water for 60 days. Sample S3 showed the best photocatalytic performance and lowest performance degradation over the period of the study. This can be explained based on the observed variation in the sample morphology.



The erosion of the nanorods in this sample gradually converts them to nanotubes, as seen from the SEM images. Therefore, the degradation in the performance of the nanorods is partially compensated by the continuous increase in the nanorods’ surface area due to the exposure of more inner parts of the nanorod during the transformation process. This results in less performance degradation for sample S3 over the study period in comparison with other samples in which less erosion effects and/or damage to the nanorods occur. Exposure of the inner parts of ZnO nanorods through their morphological transformation from rods to tubes has been found to enhance their performance in gas-sensing applications, as reported in [46]. Table 2 shows a comparison of the achieved enhancement in MB degradation as reported in different studies. The reduced degradation effects and the good photocatalytic performance of sample S3 were achieved by varying the precursors ratios, which indicates that the photocatalytic performance, performance degradation, and photocatalytic activity duration can be tuned easily for ZnO nanorods by controlling the growth conditions. This would also open the door for further research focused on investigating the effect of other growth conditions, such as wider range of precursors molarities, growth temperature, growth time, post-annealing/treatment, applied potential, and other possible process parameters.




4. Conclusions


Successful growth of ZnO nanorods on sputtered Au layers via a low-cost electrodeposition technique was achieved. The molar ratio of the used precursors was varied and its effect on the morphology and photocatalytic activity of the prepared nanorods for water-treatment applications was investigated. The grown nanorods exhibited different dimensions and different photocatalytic activities as well. They also showed different capabilities to maintain their initial morphology after prolonged time spent in an aqueous environment. Interestingly, of the molarity and molarity ratios (ZN/HMTA) used, the sample with a precursor molarity ratio of unity showed the highest photocatalytic activity and the lowest performance degradation ratio after being kept in polluted water for 60 days. Moreover, the sample with a precursors ratio slightly less than unity remained photocatalytically active for a longer time than other samples, which can be attributed to the good ability of the sample to retain its morphology and, hence, the available photoactive surface. The findings clearly show that utilizing this growth parameter, the precursors ratio, could lead to significant improvements in the activity and the performance durability of ZnO nanorods for water-treatment applications and will also positively impact their industrial-related economic aspects. Moreover, these findings will form the basis for many future studies on maximizing the performance efficiency of ZnO nanorods and, most importantly, their durability, especially in a vital field such as water purification, via controlling the various growth parameters, use of post-treatments, and coatings.
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Figure 1. (a) Morphology of the grown ZnO nanorods samples at different precursor concentrations (scale bar = 2 μm), (b) EDX compositional analysis of the grown ZnO nanorods sample, and (c) XRD patterns of the grown ZnO nanorods. 
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Figure 2. Absorption spectra of MB-polluted water samples in the presence of ZnO nanorods and at different UV irradiation times. 
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Figure 3. Photocatalytic performance of ZnO samples (a) MB concentration as a function of time, (b) degradation efficiency vs. time, (c) ln C/Co vs. time, and (d) reaction constant of the different samples. 
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Figure 4. Photocatalytic performance variation of ZnO samples (a) performance degradation over a period of 60 days, (b) performance degradation percentage, (c) performance degradation rate, (d) performance durability. 
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Figure 5. Variation in ZnO nanorods samples’ morphology (scale bar = 2 μm): as prepared (first column from left), after first water treatment (second column), after second water treatment (30 days in water—third column), after third water treatment (60 days in water—fourth column and magnified images—fifth column). 
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Figure 6. Morphology of ZnO nanorods in the sample S3 after 60 days in MB polluted water: SEM image (left—scale bar = 500 nm) and illustrating sketch (right). 
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Table 1. ZnO nanorods growth details.
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	Sample
	Zinc Nitrate

Concentration (M)
	HMTA

Concentration (M)
	Molarity Ratio

ZN/HMTA
	Growth Temperature

(°C)
	Applied Potential

(V)
	Growth Time

(min)





	S1
	0.03
	0.015
	2.00
	80
	−1.0
	60



	S2
	0.03
	0.045
	0.67
	80
	−1.0
	60



	S3
	0.03
	0.03
	1.00
	80
	−1.0
	60



	S4
	0.045
	0.03
	1.50
	80
	−1.0
	60



	S5
	0.015
	0.03
	0.50
	80
	−1.0
	60










 





Table 2. Comparison of the achieved enhancement in MB degradation reported in different studies.
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	Sample
	Growth

Method
	Optimization

Parameter
	Achieved Enhancement in MB Degradation
	Reference





	ZnO NRs
	Hydrothermal
	Seed layer
	50%
	[47]



	ZnO NRs
	Hydrothermal
	Seed layer
	16.25%
	[48]



	ZnO NRs
	Laser ablation/

Hydrothermal
	pH
	13.26%
	[49]



	ZnO NRs
	sol–gel/

Hydrothermal
	ZnO dosage
	46%
	[50]



	ZnO NRs
	sol–gel
	Coated layers
	74.5%
	[51]



	ZnO NRs
	Electrodeposition
	Precursors concentration ratio
	122%
	This work
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