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ABSTRACT 15 

Selenium in water is becoming of increasing risk to human exposure, because only recently 16 

serious health effects have been associated to their presence in water resources. The present 17 

study investigated the development and optimization of the composition of graphene oxide 18 

polymeric nanocomposite hydrogel beads using response surface methodology. The use of 19 

polymers such as chitosan and polyethyleneimine, which are rich in amine and alcoholic 20 

functional groups, provided enhanced removal of anionic selenium species from the water. 21 

Experimentally validated polymeric beads were used to perform batch adsorptions of selenium 22 

under different conditions such as pH, bead dosage, and diverse selenium concentrations to 23 

investigate their potential use, adsorption kinetics, and selenium removal mechanisms. Acidic 24 

conditions were found to best remove negatively charged selenium ions from aqueous solutions 25 

via -OH, -COOH, and amine functional groups present in the beads.  The adsorption kinetic 26 

mechanism was better described by the pseudo-second order adsorption kinetic, indicating that 27 

the beads remove selenium via chemisorption mechanisms. The isotherm studies showed an 28 

adsorption capacity of 1.62 mg/g based on the Langmuir isotherms at 25 ⁰C.  Regeneration 29 

studies showed loss of available adsorption sites after the first desorption treatment with different 30 

concentrations of NaOH and HCl. The mathematically optimized nanocomposite was further 31 

used to treat selenium spiked in real environmental water samples, which confirmed that the best 32 

removal of selenium occurs in acidic conditions.     33 

Keywords - Selenium, response surface methodology, hydrogel beads, nanocomposites, 34 

graphene oxide 35 

 36 
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1. INTRODUCTION 37 

In recent studies, graphene oxide (GO) has shown a great potential for incorporation in 38 

polymeric materials to develop a more stable, efficient, and effective, multi-functional class of 39 

polymer nanocomposites for various water related applications.1-5 This advancement has several 40 

advantages rather than using a singular material, such as enhanced adsorption capacity, widened 41 

selectivity of contaminants and more importantly, the increased potential for large-scale 42 

fabrication.6-7 The main goal of this investigation was to optimize the composition of chitosan-43 

polyethyleneimine-graphene oxide (CS-PEI-GO) hydrogel beads for enhanced removal of 44 

selenium through surface adsorption mechanisms.  45 

Chitosan (CS) is an abundant biopolymer produced from chitin, which is obtained from 46 

the shells of shrimp. Its composition can be expressed as poly(b-1-4)-2-amino-2-deoxy-D-47 

glucopyranose, with the repeating unit including glucosamine subunits and amine functional 48 

groups.8 CS has attracted much attention as it is known to possess efficient adsorption 49 

capabilities due to the presence of amino and hydroxyl functional groups.9-11 These amine groups 50 

can uptake negatively charged ions via electrostatic attractions.1, 11 Chitosan is hydrophilic and 51 

dissolves in slightly acidic solutions (pH<6.5). At pH values below 6.5, amine functional groups 52 

get protonated easily to accompany metal removal. However, CS itself lacks structural strength; 53 

therefore, making it unsuitable to be used as it is in water related applications. Therefore, CS is 54 

often incorporated with matrices of other materials, such as GO, other polymers or crosslinking 55 

agents, which assist in providing structural stability.1,12 CS has shown to remove heavy metals 56 

such as chromium, copper, and lead in previous studies.1, 8, 10, 13-14 57 
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Polyethyleneimine (PEI) is a synthetic polycation, which is formed using polymerization 58 

of iminoethylene monomers. PEI is a rich source of primary, secondary and tertiary amines, low 59 

in toxicity and odorless, which paves the way for its wide applications. In this study, PEI is used 60 

as subordinate polymeric material alongside with CS as the crosslinking process to prepare the 61 

polymer beads consumes some of the amine groups found on CS, hence reducing its adsorption 62 

capacity. PEI not only accounts for the loss of amine groups during the crosslinking process, but 63 

also brings in enhanced removal capacities. 15-17  64 

In this work, beads containing CS-PEI-GO were developed to be employed in batch or in 65 

packed bed columns for water treatment approaches. The selection of the amount of each 66 

polymer and nanomaterial in the composition of the nanocomposite beads was mathematically 67 

modelled using the Box-Behnken Design (BBD) within the response surface methodology. In the 68 

present investigation, BBD was employed due to its flexibility in providing better and sufficient 69 

understanding about a system that has limited number of independent factors and a single 70 

response factor.1 The beads produced were investigated for the removal of Selenium. 71 

In the last decades, increasing interest has been growing for addressing selenium (Se) 72 

contamination. Selenium exists naturally in soils in various polymorphs. Selenate, Se(VI), is the 73 

most soluble of them all, followed by selenite, Se(IV).18-20 Apart from being a natural 74 

contaminant like arsenic, there are studies showing excessive selenium concentrations measured 75 

in close proximity to oil-gas wells.18, 21-22 Several studies from places over the globe, such as 76 

lower Arkansas river valley in Colorado, USA23, San Joaquin Valley in California, 77 

USA,(Biogeo) Amman Zarqa basin in Jordan24, northern Italy25-26, southwestern Nigeria23 and 78 

Hokkaido, Japan 27-28 suggest that industrial activities, such as mining, road development 79 
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projects, and petrochemical processes have a strong impact on exceeding safety levels of Se in 80 

water bodies.18, 22, 27-31 81 

Selenium is regulated under the national drinking water standards, at maximum 82 

contaminant level (MCL) and maximum contaminant level goal (MCLG) values of 0.05 ppm, for 83 

being known to cause hair or fingernail loss, numbness in fingers or toes and circulatory 84 

problems. 29 It has also been associated with reproductive irregularities, juvenile mortalities, 85 

physical impairments in aquatic species, and livestock.18, 32-35 EPA identifies petroleum and 86 

metal refineries, as well as leaching out of natural deposits, as major sources of increasing 87 

selenium contamination. However, chronic effects of selenium on human health has been an 88 

understudied field.21, 33, 35-36 Initial studies have shown that selenium can be a potential human 89 

carcinogenic and present teratogenic species, however very few studies have investigated the 90 

removal of such contaminant though the literature describes the adsorbents such as metal–91 

organic framework-based materials, magnetite-based nanomaterials, carbonaceous nanomaterials 92 

and polymer-based nanomaterials for selenium adsorption from contaminated waters.37-41 93 

Therefore, approaches to remove such emerging contaminant is still in great need, which led us 94 

to develop a novel polymer nanocomposite bead for the removal of selenium. In this work, we 95 

investigated a novel approach to remove selenium from water using graphene oxide-based 96 

nanocomposite hydrogel beads as recent studies shows the potential of such assemblies for water 97 

related applications such as water treatment and contaminant removal.1, 42-46 98 

2. EXPERIMENTAL SECTION 99 

2.1 Materials and methods. The following chemical grade reagents were used in the synthesis 100 

and processing: graphite (<45µm), chitosan (low molecular weight), polyethyleneimine (50% 101 
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(wt/wt%) in water, avg. MW 750,000), glutaraldehyde (25% (wt/wt%) in water), selenous acid 102 

(H2SeO3, 97.0% assay) for Se solutions, sodium hydroxide (NaOH, ACS reagent, ≥ 97% assay, 103 

pellets), nitric acid (HNO3, ACS reagent, 70% assay), and hydrochloric acid (HCl, ACS reagent, 104 

37% assay). They were all purchased from Sigma Aldrich. The modified Hummer’s method was 105 

employed to synthesize GO used in the processing of the bead.1, 47 The details on GO 106 

characterization can be found in our previous publication.48 All the solutions were prepared using 107 

deionized (DI) water unless specified otherwise.49 108 

2.2 Preparation of working solutions. For the synthesis of the CS-PEI-GO mixtures, stock 109 

solutions of 4% CS solution was prepared by dissolving 4 g of CS in 96 g of 2% HCl prepared in 110 

DI water. A concentration of 30% PEI was prepared by dissolving 60 g of 50% PEI in 40 g of 111 

2% HCl, and 5000 ppm GO was prepared in DI water and sonicated for 15 min. Different 112 

working mixtures, as described in the ESI table S1, were prepared by using these stock solutions. 113 

A stock solution of 500 ppm concentration of Se(IV) was prepared using H2SeO3 in DI water to 114 

be used for the batch adsorption at the desired concentrations as described below. For the 115 

dynamic contact experiments involved in the optimization step, the pH of selenium solutions was 116 

not adjusted. For the kinetic experiments, pH was adjusted to the optimum pH identified in the 117 

section 2.8 described below. 118 

2.3 Experimental design using RSM. The statistical design software Design Expert 11.0 from 119 

Stat-Ease Inc. (Minneapolis, USA) was used to develop the mixture design. In this design, four 120 

variables (Xi), namely PEI composition (X1), GO composition (X2), and GLA composition (X3) 121 

were used as independent factors to create 15 design points based on a single response variable 122 

(Yi): Se % removal (Y1) using a three-level Box-Behnken Design.1 Independent experimental 123 

variables and their factor levels are provided in the electronic supporting information (ESI) table 124 
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Figure 1: Preparation and characterization of Graphene oxide nanocomposite hydrogel beads, as well 

as analyzes performed on the beads. 

S1. The selection of the independent variables were pre-determined based on preliminary, studies 125 

which demonstrated successful and efficient synthesis of the beads.1, 48  126 

2.4 Preparation of nanocomposite beads. Overall summary of the preparation and 127 

characterization is presented in Figure 1. CS–PEI–GO beads were prepared according to 128 

compositions described in ESI table S2. Required weights of CS, GO and PEI stock solutions 129 

were mixed in glass vials overnight. The homogenized CS-PEI-GO solution was placed in a 10 130 

mL syringe with 23G needle and fixed to a syringe pump with a 1 mL/min feed rate and dropped 131 

onto a 1.5 M NaOH solution. The NaOH solution was stirred at 150 rpm to avoid the aggregation 132 

of beads. At the end of this step, beads were separated from the NaOH solution, and washed with 133 

DI water to remove basicity. The washing continued several times until the pH of the washings 134 

became neutral. Next, the beads were cross-linked for 30 min with the required concentration of 135 

GLA solution for each design point as mentioned in ESI table S1. Beads were washed again with 136 

DI water to remove excess GLA. Finally, they were stored in DI water until used for the batch 137 

adsorption and characterization. 138 

 139 

 140 

 141 

 142 

 143 

 144 
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2.5 Selenium removal experiments. Batch adsorption of 20 mL aliquots of 10 ppm Se solutions 145 

with 0.5 g of beads was carried out at 25 ⁰C temperature for 24 h. Batches were shaken at 150 146 

rpm to allow maximum contact between beads and the solution and to avoid settling down of the 147 

beads. After the adsorption reached equilibrium, the supernatant was collected and filtered with 148 

0.2 µm polyethersulfone (PES) syringe filters (25 cm diameter) to remove any leftover beads. 149 

Samples were diluted in 2% nitric acid and analysed with Thermo Scientific icap RQ inductively 150 

coupled plasma mass spectrometry (ICP-MS) to quantify the selenium concentration in the 151 

samples. The eq 1 was used to calculate the percentage Se removal. 152 

 153 

2.6 Modelling analysis for composition optimization of the beads. The Design Expert 154 

software 11.0 was used to carry out the modelling analysis for percentage Se removals. 155 

Experimental data were fitted into a general quadratic equation, 156 

     (2) 157 

where β0, βi, βij, and βii are the coefficients for offset, linear effect, interaction effect, and 158 

quadratic effect, respectively. Analysis of variance (ANOVA) technique was used to assess the 159 

significance of each model term and overall models, which was later subjected to statistical 160 

analysis, surface analysis, and numerical optimization in order to identify an optimized solution 161 

for the bead composition. The final CS-PEI-GO bead composition was synthesized based on the 162 

suggested optimum concentrations for each component as determined by the model. Then, the Se 163 

              (1) 
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removal experiments were performed in order to experimentally validate the suggested optimum 164 

solution from the RSM model. Beads containing CS only, CS-PEI only and CS-GO only beads 165 

were used as negative controls for the validation experiments. CS, PEI and GO concentrations in 166 

the negative controls were the same as the mathematically optimized solution from RSM. GLA 167 

concentration was used to crosslink all the negative control beads in a similar fashion as the CS-168 

PEI-GO optimum composite. Experimentally validated beads were characterized and further 169 

analyzed for their removal trends, adsorption kinetics, and regeneration. 170 

2.7 Characterization of mathematically optimized beads. Successful synthesis and functional 171 

properties of optimized and validated beads were investigated using scanning electron 172 

microscopy (SEM), X-ray powder diffraction (XRD), attenuated total reflectance - infrared 173 

(ATR-IR) spectroscopy, and X-ray photoelectron spectroscopy (XPS). Bead samples were freeze 174 

dried for 12 h and grounded prior to ATR-IR and XPS analyses, using a FreeZone Plus 4.5 Liter 175 

cascade benchtop freeze-drier system at a collector temperature of -84 ºC. Freeze-dried beads 176 

were attached to carbon double tape and coated with a thin gold layer using a Desk V sputter 177 

(Denton Vacuum) prior to the SEM analysis. A Jeol JSM-6010LA (Jeol, Peabody, MA) 178 

analytical scanning electron microscope was used to obtain the SEM images of the coated beads. 179 

The X-ray diffraction pattern of CS-PEI-GO was obtained using a Rigaku MiniFlex600 benchtop 180 

X-ray diffractometer with Cu source. Micromeritics 3Flex Brunauer–Emmett–Teller (BET) 181 

instrument was used to obtain N2 adsorption/desorption isotherms on the freeze-dried beads. 182 

Prior to the measurements, all samples were degassed under vacuum at 120 ⁰C for 5 h. Obtained 183 

data were used to estimate BET50 specific surface area (SSA) and Barrett-Joyner-Halenda 184 

(BJH)51 pore size distribution. ATR-IR samples were collected using a Nicolet iS10 Mid Infrared 185 

FTIR Spectrometer (Thermo Fisher Scientific, USA) under air as the background. Omnic 8 186 
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Software (Thermo Fisher Scientific, USA) was employed to process the acquired raw spectra and 187 

prominent peaks were identified. XPS spectra were acquired using a PHI 5700 X-ray 188 

photoelectron spectrometer as low- and high-resolution scans were done at pass energies of 23.5 189 

and 187.8 eV respectively. Raw spectra were further processed using the MultiPak V7.0.1 190 

(ULVAC-PHI, Inc.) and Origin Pro8.5 (OriginLab, Northampton, MA) packages. 191 

2.8 Role of pH and bead dosage on Selenium removal. Optimized beads were used to perform 192 

adsorption experiments by varying pH to identify the removal trends. Se solutions containing 10 193 

ppm concentrations had the pH adjusted by adding 0.1 M HCl and 0.1 M NaOH to obtain Se 194 

solutions with pH ranging from 3 to 8. Masses of the beads before and after the adsorption were 195 

measured to assess the stability and recovery of the beads when exposed to the selected pH 196 

ranges. An optimum pH was selected, based on significant Se removals to perform adsorption 197 

experiments with varying bead dosage from 20 to 40 g/L. Treated samples were analysed with 198 

ICP-MS and used to calculate the percentage removals and adsorption capacity. The best pH and 199 

bead dosage based on the higher removal and adsorption capacity were used to carry out the 200 

subsequent experiments. 201 

Furthermore, the zeta potential of the beads over various pH values was investigated to 202 

understand the potential Se removal mechanisms via electrostatic attractions. Firstly, 100 mg of 203 

freeze-dried optimized CS-PEI-GO beads were ground into a fine powder and dispersed in 100 204 

ml of DI water. Then the suspension was bath-sonicated for 6 h and stirred for 16 h at 150 rpm. 205 

The suspension was allowed to settle for 16 h, after which, the supernatant containing suspended 206 

bead particles was collected and then divided into several vials. The pH of each vial was adjusted 207 

to pH 3-12 using 0.1 M HCl or NaOH and analysed using a Malvern ZEN 5600 Zetasizer. 208 
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Polystyrene vials with the refractive index of 1.59 was used in this analysis. All the experiments 209 

were done at the room temperature of 22 ºC. 210 

2.9 Kinetics of Se removal using the optimized beads. To understand the adsorption kinetics of 211 

the optimized CS-PEI-GO beads, adsorption measurements were carried out at 25 °C. These 212 

studies were performed with initial Se concentrations of 2, 10 and 20 ppm. Samples were 213 

collected at time intervals from 0 to 24 hours. Pseudo-first order and pseudo-second order 214 

models were evaluated to fit the obtained adsorption data to understand its characteristics. 215 

Pseudo-first order model is expressed in a linear form as, 216 

                                    (3) 217 

where qe and qt are the amount of Se adsorbed per mass of adsorbent at equilibrium and at any 218 

time – t respectively, and k1 is the first order rate constant.52-53 Plots of ln(qe-qt) vs time were 219 

developed for each data set.  220 

The slope and intercept were used to evaluate theoretical values of qt and k1. Similarly, pseudo-221 

second order kinetic model is expressed in a linear form as,  222 

 223 

where k2 is the second order rate constant.53-55  Plots of t/qt vs time were developed for each 224 

adsorption data set and the slope and intercept were used to evaluate theoretical values of qt and 225 

k2. The kinetic model best describing the adsorption data was determined based on the goodness 226 

of fit, R2. The agreement of theoretical and experimental qe values was determined based on two 227 

tailed t-test at α=0.05. 228 

(4) 
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2.10 Adsorption isotherm studies for Se removal using the optimized beads. Adsorption 229 

isotherms corresponding to the initial Se concentrations of 5 to 250 ppm at 25 ⁰C were obtained 230 

for the CS-PEI-GO beads. Similarly, adsorption experiments were done at 150 rpm for 24 hours 231 

and the initial pH of the samples and bead dosage were adjusted based on earlier findings. 232 

Obtained data were tested against the non-linear forms of Langmuir and Freundlich isotherm 233 

models, which are described below.  234 

The non-linear form of Langmuir isotherm model is given by, 235 

where, b (L/g) is the Langmuir equilibrium constant and Qm is the monolayer saturation 236 

capacity.53, 55 Also, the linear form of the Freundlich isotherm model is given by, 237 

 238 

where, KF (L/g) is the Freundlich constant and 1/n is the sorption intensity.53, 55-56 239 

2.11 Regeneration of optimized beads. Regeneration of the beads was determined using the 240 

following desorption agents: 0.1 M HCl, 1 M HCl, 0.1 M NaOH, 1 M NaOH. First, the beads 241 

were used to perform adsorption experiment for 24 h at 25 °C with 10 ppm Se. Afterwards, used 242 

CS-PEI-GO beads were separated from the supernatant and were thoroughly washed with DI 243 

water in order to remove excess Se that did not get adsorbed. Then, the washed beads were 244 

added to 20 mL aliquots of different desorption agents and allowed to desorb at 150 rpm for 24 h 245 

at 25 °C. Treated beads were separated from the supernatant, and thoroughly washed with DI 246 

water to remove unused desorption agents. For the beads treated with HCl solutions, an 247 

additional treatment with 10 mL of 0.1 M NaOH for 45 min was performed in the beads in order 248 

                                           (5) 

(6) 
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to deprotonate the amine groups on the surface. Later, they were washed thoroughly with excess 249 

DI water until the pH of the water was neutral. Washed beads were cyclically reused. In total, 4 250 

cycles of adsorption-desorption experiments were done. Samples were collected at the end of 251 

each adsorption or desorption cycle and % adsorption and % desorption were calculated using 252 

the eq 7 and 8 respectively. 253 

 
254 

 
255 

Here, Ci, Ce, and Cd are the measured concentrations of selenium in the supernatant before the 256 

adsorption, after the adsorption, and after the desorption, respectively. 257 

2.12 Application of beads with environmental samples spiked with Se. Bayou water and tap 258 

water samples were collected, characterized, and spiked with 10 ppm Se for adsorption 259 

experiments to understand the behaviour of the beads, when applied in a real environmental 260 

water with different chemistries. Bayou water sample was collected from the Brays Bayou 261 

Greenway Trail, Houston, TX at the coordinates of 29.702314, -95.404883. The tap water 262 

sample was collected from the drinking water fountain in the Engineering Building 2, at the 263 

University of Houston, Houston TX. Both samples were collected in the spring when weather 264 

conditions were normal and free of overnight rains. Conductivity of the bayou water sample was 265 

700 µs/cm with turbidity of 5.1 NTU and a pH of 7.4. Conductivity of the tap water sample was 266 

370 µs/cm with turbidity of 0.3 NTU and a pH of 7.8. None of the samples contained detectable 267 

amounts of Se. The water samples were adjusted to the optimum pH for Se removal as 268 

determined earlier.  269 

(7) 

(8) 
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3. RESULTS AND DISCUSSION 270 

3.1 Mathematical optimization of the model. The hydrogel bead composition was optimized 271 

using the Design expert software. The mixture design was prepared using the concentrations 272 

suggested by BBD. This method provides adequate flexibility to investigate the behavior of the 273 

three-factor system.1 The design can be thought as a cube of which vertices, middle points of the 274 

edges and center point of the cube represent different combinations of the bead composition.1 275 

Obtained results from the batch adsorptions were fitted into the eq 2  to develop the initial model 276 

in the form of the quadratic equation. The resulting 2nd order equation for Se removal is 277 

presented as follows.  278 

Yi= 

   

(9) 279 

ANOVA technique was employed to investigate the significance of each term in the 280 

unmodified model equation, based on the p-values. The original quadratic model gave an F-281 

value of 6.43 and a p-value of 0.03 indicating that the model was significant. The model showed 282 

a R2 of 0.92, which indicates the agreement between the actual and predicted responses as shown 283 

in the ESI figure S1a with no outliers present.1, 57 As shown in the ESI figure S1b the residuals 284 

were distributed within a very narrow range, indicating that there were no outliers present, 285 

compared to the set limit of ± 3 standard deviations as indicated by the red horizontal lines. In 286 

summary, the diagnostic analysis showed that the obtained model is adequate for predicting Se 287 

removals effectively. 288 

To improve the model, the non-significant terms were excluded from the original model 289 

by employing the backward calculation method. In this method, terms with p-values > 0.05 were 290 

removed from the model until a better-modified model equation was obtained.  The new model is 291 
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given by the eq 10. Surface plots were used for the additional analysis of the model parameters 292 

as shown in ESI figure S2. They provide a platform to investigate the individual and combined 293 

effects of independent variables on the Se removal.  294 

           (10) 295 

Figure S2 illustrates three surface plots for combinations of two independent variables for 296 

% Se removals; while the third independent variable is fixed at the highest level. In summary, the 297 

highest removals of Se was recorded in the region where all factors were at their highest range. 298 

This indicates that all the three independent factors did show a positive influence on the Se 299 

removal. 300 

3.2 Experimental validation of mathematically optimized beads. An optimized solution for 301 

the amounts of GO, PEI and GLA were selected based on the desirability function, which was 302 

used as the objective function of the optimization as follows.  303 

                                                   (11)
 304 

As the goal for the numerical optimization, Se removal was subjected to maximization. The 305 

obtained solution with the highest desirability function was selected for the experimental 306 

validation. Based on the optimization, the optimum bead composition for maximum Se removals 307 

of 81± 4% was predicted to be 1500 ppm GO, 2.0% PEI crosslinked with 2.5% GLA. These 308 

concentrations were used to synthesize beads as mentioned in the section 2.4, and Se removals 309 

were quantified. Control beads containing CS only, CS-PEI only and CS-GO only were also 310 

tested. ESI figure S3 shows the comparison of the optimized CS-PEI-GO beads experimentally 311 

and determined by the model for Se removals, along with the control beads. 312 
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Two tailed t-test at α=0.05 was performed to determine the statistical significance of the 313 

results obtained. Calculated p value of 0.36 indicated that there is no significant difference 314 

between the actual and the model predicted Se removals. Furthermore, the removal with CS-PEI-315 

GO beads were tested with four different batches of beads and compared to the predicted 316 

removal. The results showed reproducibility of the bead preparation. Calculated p values of 317 

0.0001 for the removals from CS-PEI-GO and CS-PEI only beads showed that the inclusion of 318 

GO into beads presented a statistically significant enhancement of the Se removal. This 319 

observation was further confirmed by the calculated p value of 0.0001 for the removals obtained 320 

with CS-GO and CS beads compared to CS-PEI-GO, indicating a significant difference in the 321 

obtained Se removals. Inclusion of GO showed enhanced selenium removals, which can be 322 

understood as GO is a rich source of functional groups such as -OH and -COOH, which can be 323 

protonated in acidic conditions leading to electrostatic attractions with the negatively charged Se 324 

species present in the solution as well as the higher surface area provided for contaminant 325 

adsorption.58-59 326 

Following successful experimental validation, the beads were characterized and further 327 

analyzed for trends in Se removal.  328 

 329 
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3.3 Characterization of optimized beads.  330 

 331 

The detailed characteristics of the optimized CS-PEI-GO beads are shown in the ESI 332 

figure S4a and figure 2. The SEM images of the beads showed the existence of a well-defined 333 

porous structure in the beads as given by figure 2a. N2 adsorption–desorption isotherms obtained 334 

for CS–PEI–GO beads are shown in the figure 2b. Based on the IUPAC classification, the 335 

isotherm shape represents a type IV isotherm indicating the presence of a mesoporous structure 336 

with pore sizes between 2 and 50 nm.60  BET standard plot was constructed for the p/p0 range 337 

from 0.05 to 0.30 (ESI figure S4b).  Based on the intercept and the slope, the estimated value of 338 

interaction constant was 101 and the monolayer adsorption capacity was estimated to be 3.24x10-339 

Figure 2. Detailed characterization of the optimized CS-PEI-GO nanocomposite beads: (a) SEM 

image showing the rough and porous surface of the CS-PEI-GO beads, (b) N2 adsorption–

desorption isotherms for optimized CS-PEI-GO beads, (c) XRD patterns of CS-PEI-GO and pure 

CS, (d) ATR-IR spectra of the CS-PEI-GO beads, XPS spectra showing (e) wide scan and (f) 

deconvolution of C1s core level. 
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4 mol/g. BET specific surface area was calculated as 32 m2/g indicating the inclusion of GO 340 

resulted in increased specific surface as compared to that of pure chitosan; therefore creating 341 

more sites for Se adsorption.61-63 The pore size distributions obtained based on the adsorption and 342 

desorption isotherms are shown in the ESI figure S4c indicating availability of mesopores as 343 

confirmed by the average BJH adsorption and desorption pore diameters of 27 nm and 25 nm. 344 

As shown in the figure 2c, XRD patterns of CS-PEI-GO exhibited the peak at 2θ = 345 

20.03⁰. This peak was broader compared to the XRD pattern of pure CS, which showed two 346 

peaks located at 2θ = 10.33° and 20.07⁰, indicating the decrease in crystallinity.64-65 Interactions 347 

that took place between the various functional groups of CS-PEI-GO bead surface during the 348 

bead synthesis resulted in change of crystallinity1 due to the expansion of the polymer network. 349 

Such expansion has shown to enhance the adsorption ability of the nanocomposites.13, 66  350 

The ATR-IR spectra for the CS-PEI-GO beads (figure 2d) showed clear peaks at 1065, 351 

1310, 1372, 1653, 2868, 2932 and a broad peak at 3370 cm-1. The peak at 1050 cm-1 was 352 

assigned to C-N bonds originated from the PEI67 and the peak at 1310 cm-1 was assigned to -CH2 353 

which originated from CS and PEI.16, 21 The peak at 1372 cm-1 can be assigned to the C-N 354 

stretching vibrations from PEI and CS. In the results, it appeared that the signals from the 355 

primary amine groups may have overlapped with the peak at 1372 cm-1.1, 68 Next, the peak at 356 

1653 cm-1 can be attributed to the carbonyl stretch of –NHCO– group, which originated from the 357 

crosslinking of amine groups with GLA.1, 68 Two peaks at 2868 and 2932 cm-1 were attributed to 358 

the stretching vibrations from CH2 and CH3.
68 The broad peak at 3030-3600 cm-1 can be assigned 359 

to the OH from GO and CS or to the amine groups from CS and PEI. 1, 68 In the wide scan of the 360 

XPS of unused CS-PEI-GO beads (figure 2e), three major peaks can be identified at the binding 361 

energies of 286, 399 and 533 eV, which are attributed to C 1s, N 1s, and O 1s.1, 13 The high-362 

file:///H:/USA/PAPERS/Selinium/submission%201/Manuscript.docx%23_ENREF_16
file:///H:/USA/PAPERS/Selinium/submission%201/Manuscript.docx%23_ENREF_21
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resolution scan of the C1s core level of the CS-PEI-GO beads (figure 2f) showed the availability 363 

of -C-OH bonds and C=O with peaks at 286.7 and 288.3 eV, mainly resulting from the 364 

successful inclusion of GO. 69-71 Also, the peak at 285.7 eV assigned to C-NH2 originated from 365 

the CS and PEI.1, 13 Therefore, the characterization of the CS-PEI-GO beads indicated the 366 

presence of functional groups that are useful in adsorption of negatively charged particles, such 367 

as the selenium species used in the experiments in this study. 368 

3.4 Selenium removal with pH and dosage. The trends of % Se removal and respective 369 

adsorption capacity of the beads with initial pH of 3 to 8 at 10 ppm Se solution are illustrated in 370 

figure 3a.  371 

Figure 3. (a) Percentage Se removal and adsorption capacity (mg/g) with the initial pH of the Se 

solution and (b) zeta potential of the beads with varying pH indicating the favorable adsorption 

of negatively charged Se species in lower pH values. 
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The pH of the solution played a significant role in the removal of selenium. The % Se 372 

removal showed a significant drop with increasing pH values. On the other hand, increasing 373 

acidity also showed much better removals suggesting that acidic conditions are more suitable for 374 

Se uptake with the CS-PEI-GO beads. This can be understood as the dissolved selenious acid 375 

equilibrates in the solution as it disassociates to form HSeO3
- and H+ making the solution acidic. 376 

, pKa1 = 2.46   (12) 377 

According to the above-mentioned dissociations, between pH 3.5 and 9.0, the  ion 378 

becomes more dominant as the ionic strength of the solution is high; therefore when the beads 379 

are introduced to the Se solution, functional groups such as -OH and -COOH become protonated 380 

leading to electrostatic attractions with the negatively charged Se species present in the 381 

solution.58-59  The CS-PEI-GO nanocomposite beads have been previously shown to remove 382 

Cr(VI) and Cu(II) in acidic conditions where electrostatic attractions are meant to be the main 383 

mechanism of metal uptake.1 Similarly, earlier studies have shown much better Se removals at 384 

lower pH values with carbonaceous and non-carbonaceous materials indicating that Se removals 385 

are typically favored by acidic conditions.55-56, 58 When the ionic selenium species concentration 386 

in the solution get reduced due to the adsorption, pH increases as the equilibrium shift towards 387 

the left in eq 12, resulting in decreasing ionic strength. Furthermore resulting OH- competes with 388 

the anionic selenium species for adsorption sites on the nanocomposite reducing the adsorption 389 

efficiency.72-74 Based on the removals, pH 4 was selected to perform the subsequent experiments.  390 

Zeta potential analysis of the optimized CS-PEI-GO beads over the pH range of 3-12 391 

showed positive surface charge density of the adsorbent as shown in the figure 3b. Positive zeta 392 
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potentials were observed over a wide pH range, from acidic pH to the isoelectric point (IEP) of 393 

10.5, indicating favorable conditions for formation of electrostatic attractions with anionic 394 

species. The observed IEP is above the IEP of chitosan and agrees with the earlier studies that 395 

has shown increments in IEP following the inclusion of PEI due to the large number of amine 396 

groups present.75-76 397 

The figure 4 shows the % Se removal with bead dosage. Bead dosages from 20- 40 g/L 398 

were tested to identify the trends and bead dosage for the following experiments.  A significant 399 

increment in the % Se removal was shown with the increased bead dosage of 30g/L. Se removals 400 

reached a plateau afterward, as suggested by the obtained p-values of 0.64 and 0.10 with the two 401 

tailed t-test at α=0.05 for the removals obtained with 30 g/L-35 g/L and 35g/L-40 g/L bead 402 

dosages, respectively. The increasing bead dosage allowed increasing availability of the 403 

functional groups for more adsorption; however, beyond the dosage of 30g/L the Se uptake did 404 

Figure 4. Percentage Se removal and adsorption capacity (mg/g) with bead dosage show a 

plateau in the percentage removals beyond 30 g/L bead dosage. This dosage was selected as the 

optimum dosage for the subsequent experiments. 
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not increase significantly. Therefore, the dosage of 30g/L was selected as the most suitable 405 

dosage for the next experiments. 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

3.5 Kinetics of Se removal using the mathematically optimized beads.  Figure 5 shows the 414 

variation of the adsorption capacity with adsorption time for the initial Se concentrations of 2, 10 415 

and 20 ppm. These experiments were carried out at 25 ⁰C with the initial pH of 4 and bead 416 

dosage of 30 g/L. Samples were taken out at smaller time intervals until 90 minutes, where the 417 

highest adsorption rates were recorded for all three concentrations. Based on the graphs shown in 418 

Fig. 5, the adsorption reached the equilibrium for t>120, t>180 and t>240 min for 2, 10 and 20 419 

ppm respectively, showing less than 2% difference of adsorption capacity compared to the 420 

subsequent sampling points. These data were further studied with two kinetic models: pseudo-421 

first order and pseudo-second order, in order to gain a better understanding of the adsorption 422 

Figure 5. Variation of adsorption capacity (mg/g) with time. The adsorption reached equilibrium 

for t>120, t>180 and t>240 min for 2, 10 and 20 ppm, respectively. 
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process and possible adsorption mechanism. The linear forms of the pseudo-first order and 423 

pseudo-second order were used as previously described in the literature.52-54 The linear fitting of  424 

the data is shown in ESI figure S5. The linear fitting was used to obtain the adsorption kinetics 425 

parameters and results are summarized in table 1. Here the experimental adsorption capacity, 426 

qe,exp and kinetic parameters are the average results of the experimental data. The best linear fits 427 

are shown in figure S5. 428 

 429 

The goodness of fit values close to unity indicates the pseudo-second order kinetic 430 

describes the adsorption process better. For the 20 ppm Se, the R2 values were very close, 431 

however further justification of selection of a kinetic model can be done by comparing the 432 

experimental and calculated values for the adsorption capacity. Based on the calculated p-values 433 

of the two tailed t-test at α=0.05 for the experimental and calculated adsorption capacity, 434 

suitability of the pseudo-second order kinetic model was further justified. For the pseudo-first 435 

order kinetic model, p-values of < 0.0001 were obtained for all 2, 10 and 20 ppm, indicating that 436 

the calculated adsorption capacities are significantly different from the experimental values. The 437 

obtained p-values of 0.67 and 1.00 for 2 and 10 ppm, respectively, for the pseudo-second order 438 

kinetic model demonstrated agreement with the experimental values. However, for 20 ppm, the 439 

Table 1. Kinetic parameters from the adsorption kinetics models 

Se 
conc., 
ppm 

qe,exp 

(mg/g) 

Pseudo-first order Pseudo-second order 

k1 

(min-1) 
qe,cal (mg/g) R2 

k2 

(g·mg−1min−1) 
qe,exp (mg/g) R2 

2 0.063±0.003 0.039±0.002 0.032±0.003 0.959 3.0±0.5 0.0638±0.0004 0.999 

10 0.300±0.002 0.02±0.01 0.08±0.01 0.966 1.0±0.3 0.30±0.01 0.999 

20 0.40±0.01 0.024±0.002 0.329±0.002 0.995 0.10±0.01 0.439±0.002 0.995 
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calculated p value was <0.0001, indicating that the experimental value was significantly different 440 

from the calculated values with the pseudo-second order kinetic model. On the other hand, the 441 

calculated and experimental values were much closer for the pseudo-second order kinetic model 442 

than the pseudo-first order kinetic model. Based on the characteristics of the pseudo-second 443 

order kinetics model, it can be postulated that the rate-limiting step of the Se adsorption by CS-444 

PEI-GO beads is a chemisorption process that involves strong chemical interaction between the 445 

Se species and the active sites on CS-PEI-GO beads.52, 54, 77 It is possible that the Se species 446 

attached to the protonated -OH, -NH2 and -COOH functional groups go through further 447 

complexations, making the adsorption process irreversible as indicated by the best fit with the 448 

pseudo-second order model. 53-54
 449 

As evident from the XPS spectra of the used CS-PEI-GO beads given in figure 6. 450 

Selenium was successfully adsorbed by the beads generating a peak at 52 eV binding energy, 451 

which can be attributed to the Se 3d core level. The deconvolution of the C1s core level suggests 452 

that the -C-OH group were oxidized during the adsorption process indicating the existence of the 453 

redox reaction happening at the adsorption sites. Even though the binding of selenium oxyanion 454 

Figure 6. XPS spectra of spent CS-PEI-GO nanocomposite beads showing (a) wide scan (b) 

deconvolution of C1s core level suggests that the -C-OH group were oxidized during the 

adsorption process indicating the existence of the redox reaction happening at the adsorption 

sites, and (c) deconvolution of Se 3d core level shows successful adsorption by the beads.  
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species is a debatable topic to date, the obtained results suggest the adsorbed selenium has a 455 

significant interaction towards the hydroxyl to form a chemical complex.39, 41, 78 It is worth to 456 

note that the reported mechanisms do not necessarily require protonation of alcoholic groups and 457 

amine groups, which could be the underlying mechanism of Se uptake in higher pH values. 458 

However, in the present study the removals with lower pH values were significantly higher 459 

indicating that the electrostatic attraction due to protonation of alcoholic groups has a 460 

predominant role in removing Se.41, 59, 78 461 

3.6 Adsorption isotherm studies for Se removal using the optimized beads. Isotherm studies 462 

were carried out at 25 ⁰C to investigate the Se adsorption properties. Qe vs Ce curves for initial 463 

selenium concentrations of 5 to 250 ppm were fitted using non-linear forms of Langmuir and 464 

Freundlich adsorption models as described earlier.53, 55, 78-79 Obtained experimental data and non-465 

linear curve fits are shown in figure S6. The most statistically relevant isotherm model was 466 

selected based on the goodness-of-fit, R2, criterion. For the Langmuir isotherm, R2 value of 0.995 467 

was obtained; while R2 of 0.998 was obtained for the Freundlich isotherm suggesting that both 468 

isotherms might describe the adsorption process adequately as shown in earlier studies.41, 55-56, 58  469 

Values obtained for the Freundlich isotherm: KF and n were 0.093 L/g and 2.1, respectively; 470 

while the values obtained for the Langmuir isotherm: b and Qm were 0.01 L/g and 1.62 mg/g, 471 

respectively. The maximum adsorption obtained in the present study is very competitive 472 

compared to the other adsorbent materials found in the literature, as shown in the table 2.  473 

 474 

 475 

 476 
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 477 

With the premise of hydroxyl ions being the predominant functional group that is 478 

resulting in Se adsorption based on the XPS spectra observed earlier, it is fair to say the 479 

homogeneous monolayer adsorption suggested by the Langmuir isotherm might be a better 480 

model. As other studies have previously stated, it is also worth to note that the heterogeneous 481 

nature of the adsorption process suggested by the Freundlich isotherm agrees with the 482 

characteristics of the CS-PEI-GO beads, as they consist of various functional groups such as -483 

OH, -COOH, and -NH2 on the surface. Furthermore, protonated amine can be part of the 484 

selenium ion uptake during acidic conditions.1, 39, 41, 56 This also suggests that there could be 485 

multiple functional groups; hence multiple underlying mechanisms undergoing during the Se 486 

adsorption.41 487 

3.7 Regeneration of mathematically optimized beads. The spent CS-PEI-GO beads were used 488 

for regeneration studies employing four different desorption agents: 0.1 M HCl, 1 M HCl, 0.1 M 489 

NaOH and 1 M NaOH to investigate the possibility of regeneration of the active sites for 490 

Table 2. Comparison of maximum adsorption capacity with prior studies 

Adsorbent material Qm (mg/g) 

CS-PEI-GO beads (this work) 1.62 

Magnetite80 0.22 

Hematite81 0.39 

Goethite81 0.52 

Aluminium oxide coated sand82 1.08 

Fe3O4-chitosan nanocomposite hollow fibres83 1.34 

TiO2
84 1.64 
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subsequent cycles of adsorption. Results obtained for four subsequent cycles are shown in figure 491 

7. 492 

 493 

In the adsorption and desorption assays, the data were normalized by the bead dosage for 494 

each case. As shown in the figure 7c and 7d, 0.1 M NaOH and 1 M NaOH showed more efficient 495 

desorption of Se from the used beads with more than 50% of the adsorbed Se recovered. As 496 

suggested by the calculated p-values of 0.35, there was no significant difference in the amounts 497 

of Se desorbed by the 0.1 M HCl and 1 M HCl. Furthermore, these desorption approaches were 498 

significantly lower compared to the alkaline desorption agents used. Even though there were 499 

indications of desorption of Se, all the initial active sites responsible for the Se uptake were not 500 

regenerated as there were no significant removals recorded with any of the adsorption assays 501 

Figure 7. Amount of Se adsorbed/desorbed with (a) 0.1 M HCl, (b) 1 M HCl, (c) 0.1 M NaOH 

and (d) 1 M NaOH as desorption agents. Beads exposed to acidic desorption agents showed 

higher removals suggesting that the acidic nature of the desorption agent might be more effective 

in regenerating some active sites on the bead surface. 
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after desorption. These results explain the findings of the adsorption kinetics, which suggested 502 

chemisorption as the main mechanism of Se uptake. In the chemisorption, the functional groups 503 

might undergo permanent changes making them unavailable for the reactions in subsequent 504 

adsorption cycles. Even though the removals were low, the beads exposed to acidic desorption 505 

agents showed marginally high removals indicating that the acidic nature of the desorption agent 506 

might be more effective in regenerating some active sites on the bead surface. 507 

3.8 Application of beads with environmental samples spiked with selenium. The optimized 508 

beads were also tested against the Se spiked in real environmental water samples in order to 509 

mimic the potential applications of the beads. The batch adsorptions with bayou water and tap 510 

water samples were designed to represent the application of CS-PEI-GO beads for indirect 511 

potable reuse water treatment and simple water filtration for domestic point of use where excess 512 

amounts of Se in tap water has been recorded.25-26, 85 The experiments were carried out at pH 4 513 

and pH 7, as the pH was shown to be critical for Se removal efficiency and the results are 514 

illustrated in figure 8. 515 

Figure 8. Percent Se removal with 10 ppm Se spiked bayou water and tap water at pH 4 and pH 

7 also agrees with the observations made with pH earlier as Se removals were significantly high 

when initial pH is acidic. 
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Similar to the Se solutions made in DI water, the removals were more significant at pH 4 516 

justifying the superior removals at acidic conditions. In terms of process development, this is 517 

important as the treatment of water for Se with CS-PEI-GO beads needs to be equipped with the 518 

additional pH controlling step for much better performance. In industrial scale, the pH 519 

controlling step could be easily applied to the water treatment process design, however, may not 520 

be suitable for domestic use. As of now, selenium can be removed using chemical reduction, 521 

coagulation-based processes and membrane separation processes, such as reverse osmosis and 522 

nanofiltration; however these approaches also have limitations.41, 59, 86-87 Except for membrane 523 

processes, the other mentioned selenium removal methods depend on pH, and also result in large 524 

amounts of solid waste.59, 86-87 However, based on the findings of the present study, it is worth to 525 

note that this can be overcome by increasing the availability of the adsorption sites by further 526 

adding more functional groups in the beads. 527 

CONCLUSIONS 528 

The RSM was successfully used to optimize a nanocomposite bead containing CS, PEI and GO 529 

for Se removal from water. A three-level BBD experimental design was used to model the 530 

system with three independent factors and % Se removal as the response variable. 531 

Mathematically optimized bead composition was experimentally validated showing that the 532 

inclusion of GO increased the Se removal significantly compared to the control beads. The 533 

optimized beads showed efficient Se removals in acidic conditions owing to the dissociations of 534 

selenous acid, which allowed protonation of functional groups from CS and GO, such as -OH 535 

and -COOH. These functional groups are known to uptake negatively charged heavy metal 536 

species.1, 48, 88-89 The adsorption kinetic studies showed better agreement with the pseudo-second 537 

order kinetic models indicating the adsorption process is most likely a chemisorption process. 538 
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This was further corroborated by the regeneration studies showing that the spent adsorption sites 539 

are hard to regenerate as they undergo permanent changes making them unavailable for 540 

subsequent adsorption cycles. The beads were also tested with Se spiked bayou water samples 541 

and tap water samples indicating the acidic conditions were more suitable for Se removal as 542 

shown earlier. As the limitation of the Se removal by this novel material is governed by the 543 

solution pH and regeneration, it can be concluded that for more practical application of the CS-544 

PEI-GO beads, this material should be directed towards increasing the availability of active sites 545 

by adding another polymer that would provide additional binding sites to adsorb Se. 546 
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