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Abstract 

In this experiment, the effect of sulfate concentration on the biosorption rate of lead by lemna 

minor (common duckweed) was studied. Lead is a hazardous environmental contaminant and can 

cause harm to living organisms. Sulfate is another pollutant common in freshwater sources and 

was expected to have a negative effect on the biosorption rate of lead by the biomass. Lemna minor 

was placed in contaminated water of varying lead and sulfate concentrations. The concentration of 

lead in solution was measured at several time intervals using atomic absorption spectroscopy. 

Sulfate concentration was found to have no effect on the biosorption rate of lead by lemna minor. 

 

Introduction 

Lead is a common contamination in the environment and is a serious health concern. Fresh water 

sources are often contaminated with chemicals and heavy metals that are harmful to wildlife and 

communities. Precious metal mining on the iron range region will cause sulfides to leech into 

streams, lakes, and wetlands. This is referred to as “acid mine drainage” and is an issue throughout 

the United States.[1] Environmental contamination by heavy metals such as lead, arsenic, and 

mercury are also caused by mining along with industrial productions.[2] High concentration of 

sulfides and heavy metals in water is unsafe and harmful for living organisms. The treatment of 

contaminated water can be an expensive, time consuming process that often results in treated water 

that must undergo further processing before being pumped back into the environment. An 

alternative method is phytoremediation, which is more cost effective and efficient than common 

water treatment processes. Phytoremediation uses plants to remove contaminants from the 

environment. This process is also referred to as bioaccumulation or bioremoval.[3] Pollutants are 

absorbed by the plants and accumulate in their tissue. Aquatic plants have been observed to adsorb 

pollutants in water and are used for this process. Lemna minor (common duckweed) has been 

shown to be proficient at adsorbing toxic metals from wastewater. Lemna minor is an aquatic plant 

consisting of singular oval leaves growing in bulk, floating on still moving ponds and lakes.[4] In 

this experiment, the effect of sulfate concentration in contaminated water on the rate of biosorption 

of lead by lemna minor was investigated. 

 

 

 



Background 

Lead is a toxic metal found in many household items such as paints, ceramics, pipes, plumbing 

materials, gasoline, ammunition, and cosmetics. Lead can leech into the environment from these 

sources, and from industrial sources and contaminated sites. Lead exposure can affect almost every 

organ or system in the human body, and is particularly dangerous to children, pregnant women, 

and the elderly. The main health effects in adults are cardiovascular effects, decreased kidney 

function, and reproductive problems. Lead in the bloodstream can cause learning and behavioral 

problems in children, along with slowed growth and hearing problems. Lead exposure can harm 

the fetus of a pregnant woman, causing damage to the kidneys and nervous system, and puts the 

mother at risk for a miscarriage. The Lead and Copper Rule states that a concentration of 15 ug/L 

is the standard for human health in drinking water.[5] The maximum contaminant level goal for 

lead in drinking water is zero, due to the harmful effects of lead exposure to humans.  

The amount of lead that enters the environment is much higher in areas where mining, smelting, 

and refining activities occur. Once lead is emitted into the air from industrial or spark-ignition 

sources, the lead particles eventually settle and stick to soil particles. These soil particles can 

enter waterbodies and cause harm to inhabiting organisms. Lead exposure has adverse effects on 

the survival, growth, reproduction, development, and metabolism of aquatic organisms.[6] 

Decreased hatchability, behavioral changes, and growth effects have been observed in various 

types of fish in the laboratory when exposed to waterborne lead contamination.[7] According to 

the Environmental Protection Agency (EPA), a lead concentration of 65 ug/L in freshwater is a 

recommended standard for aquatic life.[8]  

It has been shown that aquatic plants are efficient at separating lead from contaminated water 

and could be used as an alternative method to physical and chemical methods of water treatment. 

Using free floating plants such as macro algae and duckweed would be preferrable choices 

because they are easier to harvest than microorganisms that have also shown phytoremediation 

qualities.[9] Lemna minor is a type of common duckweed that has a high growth rate and have 

been shown to adsorb high amounts of nitrogen and phosphorous from agricultural run-off.[10] 

Once heavy metals and other contaminants are adsorbed by lemna minor or other aquatic plants, 

the removal of these contaminants becomes an issue of removing the polluted biomass rather 

than treating the contaminated water. Harvesting contaminated biomass would be much easier 

and cost effective than current water treatment methods used to remove toxic metals and other 

pollutants.[2] 

Sulfate is an anion (SO4
2-) and is naturally present in the environment because of the abundance 

of elemental sulfur on earth.[11] Sulfate itself is not usually harmful to an environment, but sulfate 

can be broken down and form toxic sulfide. Anthropogenic sources of sulfate include burning of 

fossil fuels, household wastes, effluent from industrial processes such as steel mills and textile 

plants, and acid mine drainage. Mine drainage occurs when an iron sulfide reacts with air and 

water, forming acid runoff that further dissolves heavy metals including lead. Mine drainage can 

cause problems with contaminated drinking water, and negatively affect the growth and 

reproduction of aquatic life and animals.[12] Although there is evidence that sulfates can have 

adverse effects on the health of aquatic plants, there has been minimal studies regarding the 

effect of sulfates on the biosorption ability of lemna minor.  



Figure 1: 22 Factorial Design 

Methods and Materials 

Experimental Design 

This experiment aimed to investigate how varying concentrations of lead effect the rate at which 

lemna minora absorbs lead from contaminated water. A 22 factorial design was used to compare 

four different conditions of lead and sulfate concentrations. The two lead concentrations used in 

this experiment were 1 ppm and 10 ppm. The two concentrations of sulfate used in this experiment 

were 50 mg/L and 100 mg/L.  Literature review and preliminary trials were used to determine 

these lead and sulfate concentrations. To compare all possible combinations of these four 

concentrations, four combinations were used in the experiment. The combinations included the 

following:  

 

• 1 ppm Pb and 50 mg/L SO4 

• 1 ppm Pb and 100 mg/L SO4 

• 10 ppm Pb and 50 mg/L SO4 

• 10 ppm Pb and 100 mg/L SO4 

A visual representation of the 22 factorial design including the high and low concentrations of the 

contaminants is shown below: 

 

 

 

 

 

 

 

Each of these four conditions were replicated three times, to provide more data for analysis. The 

controls used in this experiment were DI (deionized) water, DI water and lemna minor, DI water 

and 10 ppm Pb, and DI water and 100 mg/L SO4. These three controls were replicated 2 times 

each. There were 20 total experimental trials including the replications. A table of the experimental 

trials is shown below.  

Table 1: Experimental Trials  

Conditions Replication 

DI water X2 

DI water + lemna minor X2 

DI water + 10 ppm Pb X2 

DI water + 100 mg/L SO4 X2 

1 ppm Pb + 50 mg/L SO4 + lemna minor X3 

1 ppm Pb + 100 mg/L SO4 + lemna minor X3 

10 ppm Pb + 50 mg/L SO4 + lemna minor X3 

10 ppm Pb + 100 mg/L SO4 + lemna minor X3 

Total Trials: 20 

 

10 ppm 

1 ppm 

100 mg/L 50 mg/L 

Pb 

SO4 

 



  

The lead concentration was analyzed at nine different times throughout the experiment. The results 

of previous experiments observed by the mentor for this project showed that sulfate concentration 

had minimal effect on the biosorption of lead by the lemna minora. Therefore, only the initial and 

final sulfate concentration of each trial was measured.  

 

Materials 

Laboratory Equipment 

• 100 mL tri-corner polypropylene beakers  

• 1000 mL tri-corner polypropylene beakers  

• 100 mL graduated cylinder 

• 1000 mL graduated cylinder 

• 100 mL beaker 

• 10 mL beaker 

• 100 mL volumetric flasks 

• Glass rod 

• Analytical balance 

• 10-100uL pipette and corresponding pipette tips 

• 100-1000uL pipette and corresponding pipette tips 

• 500-5000uL pipette and corresponding pipette tips 

• Buck Scientific Model 220-AS Auto Sampler 

• 2.2 mL AAS vials 

• 6 mL AAS vials 

• Prafilm laboratory film 

• Latex gloves 

Chemicals/Wet Materials 

• Deionized water (filtered in lab) 

• Nitric acid (trace metal grade) 

• 1 mg/mL Pb reference standard solution 

• Sodium sulfate decahydrate (Na2SO4 ∙ 10 H2O) 

• Lemna minor 

Chemicals and Solutions 

The 1 mg/mL lead reference standard solution was purchased from Fisher Scientific and was used 

in the calibration standards, preliminary trials, and experimental trials. The nitric acid was also 

purchased from Fisher Scientific and was used to make 2% nitric acid solution for the preliminary 

and experimental trials, along with 0.1% nitric acid solution for cleaning labware. Sodium sulfate 

decahydrate was used to make 40 mg/mL SO4 solution used to make a varying concentrations of 

sulfate solutions in the preliminary and experimental trials.  

  



Lemna Minor 

Lemna minor (common duckweed) is the most widespread type of duckweed in the United States 

and is common in Duluth, MN.[10] It has been used in bioremediation of nitrogen and phosphorous 

in waterways and has a fast growth rate. Due to the timing of this project, collecting lemna minor 

from the waterways in Duluth was not possible. The biology department at UMD provided lemna 

minor for this research project. The lemna minor was kept in two tanks under a grow light 

throughout the duration of this project. Fertilizer and growth solution were added every 2-4 weeks 

to aid in growth and healthy of the duckweed.  

 

Dilutions 

Basic dilution techniques were used to create the calibration standards, preliminary trials, and 

experimental trials. The equation below was used to determine the concentrations and volumes of 

different solutions throughout the project.  

                                                               𝐶1𝑉1 = 𝐶2𝑉2                                               (1) 

In this equation, the C1 and V1 with matching subscripts refer to the concentration and volume that 

corresponds with solution 1. The other C2 and V2 correspond to the concentration and volume of 

a second solution. Knowing three of the four variables allows you to solve for the volume of a 

solution needed to create a solution of a different concentration. For the preliminary trials, a 

calculated amount of the 1 mg/mL lead reference standard solution was added to the tri-corner 

beakers, along with lemna minor, to a total volume of 100 mL. An example of the dilution 

calculation for a 1 ppm Pb preliminary trial using Eq. [1] is shown below.  

𝐶1 = 1
𝑚𝑔

𝑚𝐿
 𝑃𝑏         𝑉1 = ?      𝐶2 = 1 𝑝𝑝𝑚 𝑃𝑏     𝑉2 = 100 𝑚𝐿 

(
1𝑚𝑔

𝑚𝐿
𝑃𝑏 ∗

1000𝑚𝐿

1𝐿
) 𝑉1 = (

1𝑚𝑔

𝐿
𝑃𝑏) ∗ (100𝑚𝐿) 

𝑉1 = 0.1 𝑚𝐿 ∗
1000𝑢𝐿

1𝑚𝐿
= 100𝑢𝐿  

The same calculation was used with different concentration and volume values to make the 

preliminary trials, experimental trials, and calibration standards.  

 

Sulfate Solution 

Sodium sulfate decahydrate and deionized water were used to make a 40 mg/mL SO4 solution used 

throughout this project. Based on the number of trials, it was estimated that 0.5 L of 40 mg/mL 

SO4 solution would be necessary for this project. The mass of sodium sulfate decahydrate needed 

to make this solution was calculated using dimensional analysis.  

 

 



 

Calibration Standards 

Atomic absorption spectroscopy (AAS) was used to determine the amount of lead in solutions for 

this project. Five 100 mL lead solution calibration standards were made to calibrate the 

autosampler. In 100 mL volumetric flasks, varying amounts of 1mg/mL Pb reference standard 

solution was mixed with DI water to a total volume of 100 mL. The concentration of the standards 

was 10 ppb Pb, 25 ppb Pb, 50 ppb Pb, 75 ppb Pb, and 100 ppb Pb. A 500-5000ul pipette was used 

to deposit 6 mL of each calibration standard into a 6 mL AAS vial. The five vials were then loaded 

into the autosampler and analyzed using the hyperlink program connected to the autosampler. The 

resultant lead concentrations measured by the autosampler were close to the intended 

concentrations of the calibration standards. To account for drifting of the autosampler and 

systematic error in dilution techniques, the concentrations of the calibration standards were edited 

in the settings of the autosampler to match the intended concentrations in ppb.  

 

Preliminary Trials  

To select appropriate concentrations of sulfate and lead for the experiment, preliminary trials were 

necessary to observe the effects of these contaminants on the lemna minor. Six 100 mL tri corner 

beakers were filled with 100 mL of DI water, 1 cm3 lemna minor, and varying amounts of 40 

mg/mL sulfate solution. A glass rod was used to collect lemna minor from the tanks and deposit it 

into the beakers. The sulfate concentrations of the six preliminary trials were 25 mg/L SO4, 50 

mg/L SO4, 75 mg/L SO4, 100 mg/L SO4, 200 mg/L SO4, and 300 mg/L SO4. After observing these 

samples for three days, the lemna minor in the beakers containing sulfate concentrations above 

100mg/L had turned yellow whereas it remained green in the beakers with lower sulfate 

concentrations. Based on these preliminary trials and prior literature review, the sulfate 

concentrations of 50 mg/L and 100 mg/L were chosen for the experiment.  

 

Preliminary trials containing various concentrations of lead were also made. Six 100 mL tri corner 

beakers were filled with 100 mL DI water, 1 cm3 lemna minor, and varying amounts of 1 mg/mL 

lead standard solution. The concentrations of the preliminary lead trials were 0.1 ppm Pb, 1 ppm 

Pb, 5 ppm Pb, 10 ppm Pb, 50 ppm Pb, and 100 ppm Pb. After observing the preliminary lead trials 

for three days, the lemna minor appeared to be slightly affected by lead concentrations above 50 

ppm and had turned slightly yellow. Based on literature review and these observations, the lead 

concentration of 1 ppm and 10 ppm were chosen for this experiment.  

 

Atomic absorption spectroscopy was not used to analyze the preliminary trials, the health of the 

lemna minor was evaluated using observation only to determine the appropriate lead 

concentrations for the experimental trials.  

 

 

 



 

Experimental Trials 

As discussed in the Experimental Design section, there was a total of 20 experimental trials 

including the controls. The exact order the trials were prepared and sampled is shown in the table 

below.  

 Table 2: Contents of Experimental Trials  

Trial Number Contents 

1 DI water 

2 DI water + lemna minor 

3 10 ppm Pb 

4 100 mg/L SO4 

5 1 ppm Pb + 50 mg/L SO4 + lemna minor 

6 1 ppm Pb + 100 mg/L SO4 + lemna minor 

7 10 ppm Pb + 50 mg/L SO4 + lemna minor 

8 10 ppm Pb + 100 mg/L SO4 + lemna minor 

9 1 ppm Pb + 50 mg/L SO4 + lemna minor 

10 1 ppm Pb + 100 mg/L SO4 + lemna minor 

11 10 ppm Pb + 50 mg/L SO4 + lemna minor 

12 10 ppm Pb + 100 mg/L SO4 + lemna minor 

13 1 ppm Pb + 50 mg/L SO4 + lemna minor 

14 1 ppm Pb + 100 mg/L SO4 + lemna minor 

15 10 ppm Pb + 50 mg/L SO4 + lemna minor 

16 10 ppm Pb + 100 mg/L SO4 + lemna minor 

17 DI water 

18 DI water + lemna minor 

19 10 ppm Pb 

20 100 mg/L SO4 

 

A glass rod was used to transfer a consistent amount of lemna minor (about 1 cm3) from the tanks 

to the necessary beakers. Similar calculations as that shown in the Dilutions section were used to 

add the required amounts of 1mg/mL lead reference solution and 40 mg/mL SO4 solution to each 

trial.  

Samples were taken from the 20 experimental trials at 9 different times throughout the experiment. 

These times were t = 0 hours, t = 1 hour, t = 2 hours, t = 4 hours, t = 8 hours, t = 24 hours, t = 48 

hours, t = 96 hours, and t = 192 hours. Based on the knowledge of the mentor for this project, 

samples were taken more frequently in the beginning of the experiment because the bioremediation 

of lead by the leman minor was expected to be most effective during this timeframe.  

Each time a sample was taken, the experimental trials had to be diluted to around 80 ppb Pb for 

the autosampler to be able to determine the lead concentration. Similar calculations as those shown 

in the Dilutions section were used to determine the volume of each trial that needed to be added to 

a 2.2 mL AAS vial A 100-1000ul pipette was used to transfer 176uL of the 1 ppm Pb trials into 

individual 2.2 mL AAS vials. Then a 500-5000uL pipette was used to transfer 2025uL of 2% nitric 



acid solution into these same vials resulting in a total sample volume of 2.2 mL. A 10-100uL 

pipette was used to transfer 17.6uL of the 10 ppm Pb trials into 2.2 mL AAS vials. Then 500-

5000uL pipette was used to transfer 2180uL of 2% nitric acid solution into these same vials 

resulting in a total sample volume of 2.2 mL.  

After samples of all 20 experimental trials had been taken at each time interval, the 20 AAS vials 

were loaded into the autosampler tray into the corresponding spots 1-20. The 10 ppb Pb, 25 ppb 

Pb, 50 ppb Pb, and 100 ppb Pb calibration standards were loaded into 8 mL AAS vials in the 41, 

42, 43, and 44 spots in the autosampler loading tray. The autosampler was set to read the lead 

concentration of the calibration standards first followed by the samples of the experimental trials. 

The autosampler read each vial twice, resulting in a total of 48 data points from each time interval. 

Once the autosampler was finished reading the lead concentrations of the vials, the data was 

downloaded from the HyperTerminal system onto a flash drive, then uploaded onto a computer to 

be analyzed in Excel. Data analysis using Excel and a biosorption model will be further discussed 

in the Results section.   

 

Digestions 

A known amount of lead was added to each experimental trial at the beginning of the experiment. 

The lemna minor in the experimental trials numbered 5-16 were digested to determine the mass of 

lead absorbed by the plant throughout the experiment. The lemna minor remaining in these beakers 

was transferred into 125 mL Erlenmeyer flasks along with 20 mL of concentrated nitric acid. Each 

of the flasks was microwaved in intervals of 30 seconds for a total of 5 minutes to aid in the 

breakdown of the cellular walls of the lemna minor. The flasks were then left in a fume hood for 

one week to allow the nitric acid to breakdown the lemna minor. Using the dilution calculations, 

the concentration of lead in the digestion flasks was estimated. The necessary amount of this 

digested solution was pipetted into a 2.2 mL AAS vial and loaded into the autosampler. After 

reading the amount of lead in each of the digested samples, the data was downloaded onto Excel 

to be analyzed.  

 

Atomic Absorption Spectroscopy 

Atomic absorption spectroscopy (AAS) is a method to measure the concentration of elements in a 

solution.[13] A graphite furnace atomic absorption spectroscopy machine was used in this 

experiment. First the autosampler deposits a couple drops from a sample vial into a graphite 

furnace. The liquid solution is then vaporized, and characteristic wavelengths of electromagnetic 

radiation are emitted from a bulb specific for lead. When the liquid solution is vaporized, the 

electrons are raised to a higher energy level and absorb a specific wavelength of radiation. 

Therefore, an AAS bulb specific for lead was used, and the wavelength emitted was specified 

manually to 282.3 nm. Further specifying the wavelength emitted reduces the background 

absorbance in the AAS machine, leading to more accurate detection of lead in the samples.   

 

 

 



Results 

The concentration of sulfate in all the experimental trials remained unchanged throughout the 

experiment. The concentration of lead in solution decreased throughout the experiment for trials 

containing initial lead concentration of both 10 ppm Pb and 1 ppm Pb. The equilibrium 

concentration of lead was reached about 24 hours after the initial lead concentrations were 

measured for all experimental trials. For trials with an initial concentration of 10 ppm Pb, the 

concentration of lead in solution decreased at a faster rate in comparison to trials with an initial 

lead concentration of 1 ppm Pb. The initial concentration of sulfate did not appear to have a 

significant effect on the biosorption of lead by the lemna minor in any of the experimental trials. 

It can be concluded that the lead was absorbed by the lemna minor from the DI water in each trial 

and was not affected by sulfate concentration.  Initial and final photographs of trial #7 with an 

initial lead concentration of 10 ppm and an initial sulfate concentration of 50 mg/L are shown 

below.  

 

 

 

 

  

Trial #7 at t = 0 hours                                                 Trial #7 at t = 192 hours (8 days) 

The lemna minor in trials with an initial lead concentration of 1 ppm remained green and appeared 

healthy throughout the experiment, comparable to the photograph above of trial #7 at t = 0 hours. 

After a period of about five days, the lemna minor in samples that initially contained 10 ppm Pb 

started to mold. It is speculated that the lemna minor died during this time and provided a source 

for the mold to grow. This mold was not expected and has not occurred previously in similar 

experiments. During the nitric acid digestion process, the mold appeared to inhibit the breakdown 

of the lemna minor in the nitric acid. However, this did not have a significant effect on the percent 

of lead recovered, suggesting that the absorbed lead was not stored in the fibrous tissue of the 

lemna minor.  

The experimental trials 1-4 and 17-20 were controls and were not included in the data analysis. 

These trials were used to monitor the accuracy of the autosampler detections and provide a 



reference point for drifting of the calibration of the autosampler. As expected, the concentration of 

lead and sulfate remained the same in these trials throughout the experiment.  

 

Data Analysis and Biosorption Model Fitting 

Once the data from the autosampler was saved in Excel, the lead concentration of each sample was 

calculated using Eq. 1 as discussed previously in the Dilutions section. The concentration of the 

100 mL trials at each time interval was back calculated from the detected lead concentration of the 

2.2 mL AAS vial samples. The same dilution calculations were used, but in reverse to solve for 

the concentration of the 100 mL trials instead of the 2.2 mL AAS vial sample concentration.  

The calculated lead concentration values for each time interval were plotted in Excel along with 

the appropriate error bars for each of the four conditions. Some of the data points were obvious 

outliers and could have been subject to contamination or a dilution error during the experiment. 

The data for each of the four conditions was fit to the following biosorption model:  

                                                  𝑟𝑏𝑖𝑜 = 𝑘1(𝐶𝑎𝑑𝑠−𝐶𝑒𝑞)𝑛                        (2) 

Here the rate of adsorption by the biomass rbio is based on reaction kinetics derived from the general 

mass balance equation for a batch reactor.[14] In a batch reactor, there is no mass transfer into or 

out of the system, and it is assumed that the contents of the reactor are well mixed. In this 

experiment, the system of lead solution and lemna minor can be modeled as a batch reactor.  

Using this model, the rate of adsorption is expected to be the fastest when the biomass is initially 

exposed to the toxic metal, then slows with time, and finally reaches zero at the equilibrium 

concentration. The rate of adsorption of the biomass is dependent on the difference between the 

original concentration of the toxic metal Cads and the equilibrium concentration Ceq. The k1 term 

is a constant and n is the rate power. These two variables were experimentally determined in Excel 

to generate rate equations for each of the four conditions.  

 

 

 

 

 

 

 

 

 

 

 



Table 3: Model Parameters and Results of Data Analysis  

The lead concentrations at each time interval are displayed on the plot below for the four 

conditions, along with the corresponding model fit for each condition.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Plot of Experimental Results 

Plot Key:   

A: 10 ppm Pb + 100 mg/L SO4                                 

B: 10 ppm Pb + 50 mg/L SO4 

C: 1 ppm Pb + 100 mg/L SO4 

D: 1 ppm Pb + 50 mg/L SO4 

 

  

   

 

 

 

 

 

 

Condition A B C D 

Cabs (ppm) 9.33 9.54 1.11 1.05 

Ceq (ppm) 3.61 4.03 0.06 0.05 

Parameter 1 k1=0.173 k1=0.161 k1=0.276 k1=0.305 

Parameter 2 n=1.47 n=1.59 n=1.41 n=1.58 

Sum of Squares 13.6 48.7 0.653 0.361 

Bio removal % 58.9 54.7 94.7 95.1 

Lead Recovery % 105 96.8 70.4 84.2 



As expected, the lead concentration of all the trials decreased rapidly initially and plateaued once 

the equilibrium concentration was reached around an elapsed time of 24 hours. The equilibrium 

concentration reached by each trial was dependent on the initial lead concentration. The trials with 

an initial lead concentration of 1 ppm had an equilibrium lead concentration of about 0 ppm, 

whereas the trials with an initial lead concentration of 10 ppm reached an equilibrium lead 

concentration of about 4 ppm. For conditions A and B, the rate of biosorption of lead was 

comparable despite the difference in sulfate concentration between these two conditions. The same 

results were seen with conditions C and D, which had the same initial lead concentration but 

different sulfate concentrations.  

The conditions A and B with initial lead concentrations of 10 ppm had substantially high error in 

many of the samples. This is shown in the large error bars on the data points at t= 4 hours and t= 

24 hours. This error could be due to a mistake in the dilution process when taking the sample of 

the trials or by contamination of the sample.  The calculated rate adsorption models for all four 

conditions fall within the corresponding margins of error, meaning that the models are an 

acceptable fit for the data.  

 

 

Conclusion  

The concentration of lead in all the experimental trials decreased rapidly until the elapsed time of 

24 hours, and then plateaued at an equilibrium concentration for the remainder of the experiment. 

The rate of adsorption of lead from the trials with an initial lead concentration of 1 ppm Pb was 

much slower in comparison to the trials with an initial lead concentration of 10 ppm.  For the trials 

with an initial lead concentration of 10 ppm Pb, the large difference between the initial 

concentration and the equilibrium concentration served as a driving potential for the rate of 

adsorption of the lemna minor. There was minimal error in the results of the conditions with an 

initial concentration of 1 ppm Pb, but vastly higher error in the data of the conditions with an initial 

concentration of 10 ppm Pb. This could be due to systematic dilution errors, or contamination of 

the samples taken at various time intervals.  

The rate of biosorption of lead by the lemna minor was not affected by the concentration of sulfate 

in the water. As shown in the results, trials with the same initial lead concentrations behaved the 

same regardless of the concentrations of sulfate in the trials. The rate of biosorption of lead by the 

lemna minor was only affected by the adsorption capacity of the biomass.  
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