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ABSTRACT 

Bark and stem samples from two mangrove species, Rhizophora mucronata (RM) and Xylocarpus 

moluccensis (XM); obtained from Kenyan coastal region, were investigated as potential low-cost 

adsorbents for the removal of toxic Crystal Violet (CV) and Malachite Green (MG) from 

wastewater mixtures. Adsorption efficacies of these adsorbents were compared for the two dyes 

and with literature values of recommended adsorbents. X. moluccenisis stem and stem-bark dye 

removal rate within the first 5 to 20 minutes increased from 75.9 ± 0.15% to 97.1 ± 0.15, and from 

85.2 ± 0.16% to 96.7 ± 0.11% respectively while uptake increase from 85.2 ± 0.16% to 95.3 ± 

0.20% and from 85.2 ± 0.47% to 95.3 ± 0.05% capacity was observed for R. mucronata stem and 

stem-bark. The optimum pH for the adsorption of CV and MG dye-was at pH 8 and pH 7 

respectively. Significant equilibrium adsorption capacities, Qe (mg/g), with the stem-bark of the 

species giving highest capacities of 407.7 ± 0.03 mg/g for the adsorption of CV and 366.4 ± 0.07 

mg/g, for MG dyes which translates up to 99.4 ± 0.15% dye removal. Equilibrium adsorption 

capacity increased with contact time, adsorbent dose and initial dye concentration but decreased 

with particle size, Ionic Strength and pH of the solution. Large correlation coefficient R2 values 

ranging from 0.7885 to 1.0000 noted implies adsorption occurred through monolayer formation 

for both species fitting Langmuir model while very low Freundlich constant, Kf , values of the 

range of 0.5000 to 2.2000 were observed.  Kinetics studies showed that the equilibrium adsorption 

follow pseudo-second order kinetics with the corresponding regression coefficient, R2, in the range 

of 0.8788 to 1.0000 and interparticle diffusion was a factor that controlled adsorption process onto 

the two species. The results displayed in this study have demonstrated the effectiveness of R. 

mucronata (RM) and X. moluccensis (XM), in removing organic dyes from their aqueous 

wastewater mixtures.  
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CHAPTER ONE 

1.0 INTRODUCTION  

 Background of the study 

The amount of water usefully consumed per year is approximately 44% (1,716 km³) of the 3,928 

km³ of water withdrawn worldwide while the other 56% (2,212 km³ per year) is released as 

agricultural drainage, wastewater and industrial effluents. The degradation of urban 

environments of most industrialised cities and towns poses health hazards as a result of the 

discharge of toxic chemicals into wastewater (UNESCO, 2017). It is estimated that by 2025, the 

volumes of industrial wastewater in most African Countries, Kenya included; will have doubled 

but currently, only a proportion of water is treated before discharge making the industry a major 

polluter (Andersson & Stockholm Environment Institute, 2016).  

Most of the world’s textile finishing companies and dye manufacturing industries consume the 

largest amount of water for dyeing and printing (Tan et al., 2012). In Kenya, apparel, clothing 

and textile industries use large quantities of reactive dyes due to the high demand of their 

products (Chanzu et al., 2012). The high demand of textile products implies large consumption 

of water and reactive organic dyes and therefore constant flow of dye contaminated effluents 

into the immediate ecosystem. Large companies like Rivatex East Africa rely on very expensive 

reactive dyes that are imported in large quantities annually. The number of textile enterprises 

within the Kenya Export Processing Zones, EPZ, is at the peak due to the increasing marketing 

relations with global markets in the United States of America (USA), United Kingdom, European 

Union and currently China (Ali et al., 2014). In fact, in 2013 alone, Kenya earned $543m from 

EPZ’s textile export to USA and have now overtaken Lesotho under the preferential trade 

agreement of Africa Growth and Opportunity Act (AGOA). The Kenya National Bureau of 

Statistics (KNBS) data shows that the growth of Kenya’s exports to USA had risen by 7% to 
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Sh35.3 billion in 2016, within the first 10 months; as exports to Britain tumbled by a similar 

margin to Sh30.9 billion. The aftermath is the growth and development of dye manufacturing 

companies reflecting increased investments in Kenya’s vision 2030 projects. However, not 

adequate attention has been given to the need to provide proper disposal of the contaminated 

wastewater generated and ensuring that contaminants comply with effluent discharge standards. 

In fact, inadequate  technical expertise, infrastructure and other important but less sophisticated  

management systems for the high volume of wastewater being produced, is at the point of 

wastewater crisis as nearly all wastewater treatment techniques are either very expensive or 

require very costly secondary technologies in both developing and  developed countries (Jebrail 

et al., 2016). Nitrogen and/ or phosphorous contained in industrial effluents and agricultural run-

off are among other elements that increase the level of nutrients in water bodies and consequently 

influences eutrophication in rivers and lakes. These effluents containing synthetic dyes when 

discharged into water bodies, reduce photosynthesis activity thus affecting the stability of aquatic 

ecosystems (Muinde et al., 2017). 

 Statement of the Problem 

Industrial dye-contaminated aqueous mixture constantly released into the environment; usually 

nearby farm soil, rivers, lakes and to a larger extent into an ocean, have shown adverse effects 

to our immediate ecosystem.  The EU-Directive, 2012, demonstrates that even minute(less than 

1 ppm)  quantities of dyes in water have lethal effects on exposed organisms in the immediate 

environment and depending on exposure time and dye concentration, the impacts of untreated 

wastewater to our immediate ecosystem range from chronic ecosystems damage given 

continuous oxygen depletion due to eutrophication and biodegradation, to pollution of domestic 

waters used for recreational activities like canoeing and swimming. Human health and 

coexistence are put at risk due to carcinogenic and mutagenic toxicity tendency implications that 

result from the dye contaminated textile wastewater. Dye-contaminated effluents discharged into 
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water bodies reduce photosynthesis activity thereby affecting the stability of aquatic ecosystems. 

Textile dyes cause allergies such as contact dermatitis and respiratory diseases, allergic reaction 

in eyes, skin irritation, and irritation to mucous membrane and the upper respiratory tract. 

Bodies mandated with environmental legislation have enacted laws and regulations to ensure 

that industries and firms dealing with dyes and dye products dispose their effluents properly but 

even those observing these measures have consistently released the waste materials into rivers, 

lakes, oceans and other water body systems. Both untreated and treated textile dye wastewater 

have negative impacts even at very low concentrations due to their high toxicity level. The 

techniques so far employed in wastewater treatment, including chemical treatment using 

oxidizing agents like chlorine (chlorination), Ultraviolet (UV) sterilization method, biological 

treatment technique (aerobic and anaerobic methods), filtration, use of membranes, and thermal 

evaporation technologies; often used in the treatment of polluted wastewater discharge, are cost 

expensive in terms of material and applicable technological expertise and are not implementable 

on large scale. Treatment such as reverse osmosis, membrane filtration and coagulation/ 

flocculation are not economically feasible.  Significant studies on adsorptive technique using 

agricultural, domestic or plant biomass waste, such as coconut husks, mangrove and polylactide 

blended films, grapefruit peel, jackfruit leaf powder, ginger waste, water hyacinth, etc, have been 

done but these materials cannot be applied on large scale since their adsorption capacity is low 

and the cost of setting up farms is way too high. While adsorption using activated carbon is 

efficient and recommendable technique, it is very expensive and this has called for scientific 

research into the use of adsorbents that are cost effective mainly from agricultural waste matter.  

Mangroves are facing human attack for both domestic and economic use. In this study the 

exploitation of mangrove species from the mangrove vegetation of Gazi Bay is for the sole 

purpose of providing adsorbents, which if effective, can lead to the removal of dyes in 

contaminated water that flows into the ocean waters from industries that border the shoreline and 
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this justifies the need to plant more of these mangrove plants and explore other species to 

determine their effectiveness in dye removal.  

    Objectives 

1.3.1 General Objective 

The general objective of this study is to assess the efficacy of two mangrove species in removal 

of organic dyes in aqueous solutions. 

1.3.2 Specific Objective 

1. To determine the surface characteristics of X. moluccensis and R. mucronata’s stem and 

stem-bark by use of FTIR and compare the Adsorption Capacities of Crystal Violet (CV) 

and Malachite Green (MG). 

2. To study the effect of contact time, particle sizes of the adsorbent, adsorbent dose, initial 

dyes concentrations, pH and ionic strength on the removal of the CV and MG dyes from 

aqueous solutions. 

3. To determine the kinetics of dye adsorption using Pseudo-First order and Pseudo-Second 

order models. 

4. To investigate the equilibrium removal conditions of a specific adsorbate in terms of 

adsorption isotherms and apply Langmuir and Freundlich adsorption isotherm models to 

fit the experimental data obtained. 

 Justification and Significance 

The colour of water used by the public dictate its taste and quality; hence removing colour and 

any other soluble colourless organic matter in effluents that flow into water bodies is not only 

vital but also critical for the survival of the organisms in their various ecosystems. The textile 

industry worldwide consumes approximately 107 kg of dye per year, and about 90% is used in 



5 
 

the fabrics industry.  About 2.5% of the dyes used in fabric industry, goes into effluents as a 

wastewater pollutant (Tan et al., 2012). 

Despite high costs associated with textile wastewater dye removal, the development of 

wastewater treatment schemes and plants have been stimulated by stringent environmental 

legislation. The stability and fastness of a dye is a desirable property by textile manufacturers 

and consumers however the resultant dyestuffs are resistant to biodegradation and consequently 

very expensive technologies are required to ensure that the discharges are safe enough to release 

to the environment (Muinde et al., 2017).  

Dye-adsorption using locally available agricultural waste materials is a promising alternative of 

a better effluent cleansing adsorbent. This is not only due to the fact that these materials are 

locally available and can be easily recycled, but also the fact that if their adsorptive behaviour is 

well established, they can be modified for industrial applications.  Elsewhere mangroves have 

been reported to have adsorptive aspects hence there is an increased interest in their study and 

possible use as easily accessible adsorbents of low-cost for organic dye cleansing off aqueous 

mixtures; (Astuti et al., 2017; Ngugi et al., 2016; Santhi et al., 2010; Tan et al., 2012) and others, 

have demonstrated that aerial parts of the general mangrove plantation can be used for water 

purification without in effect identifying which particular species is responsible for the observed 

adsorption characteristics. Such studies having been inspired by the need to develop an eco-

friendly and economical materials for dye removal from contaminated wastewaters have 

necessitated more associates in research work towards producing alternatives of low cost in 

preference to very expensive and sophisticated techniques currently enforced. Mangroves are 

unique woody plants that have the ability to concentrate most pollutants including toxic metal 

ions, herbicides, colourants, pesticides and are also used for phytoremediation of pollution 

caused by heavy metal (Ngugi et al., 2016).  
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

 Textile Wastewater Treatment 

Dye contaminants are not easy to remove by conventional sewage treatment techniques and this 

is due to their complex structure that makes them stable (Aljeboree et al., 2016). These dye 

colorants concentrating  industrial wastewater are mainly from textile industries, (Zolgharnein 

et al., 2015). Dye-textile retention by textile industries are always at low levels, forcing these 

industries to generate large quantities of wastewater polluted with dyes of different kinds at very 

high concentrations, (Boukhemkhem & Rida, 2017). Direct discharge of dye contaminated 

wastewater, especially into aquatic environment have several adverse effects, (Anirudhan et al., 

2011). They become sources of eutrophication and aesthetic pollution and have a negative impact 

to the public health (Muinde et al., 2017). As a result, industrial textile discharge is a major 

environmental concern and several techniques tested and evaluated for their efficacy in dye 

removal include solar photo-fenton treatment,  photocatalytic degradation, micellar enhanced 

ultra-filtrate, sonochemical degradation, electrochemical degradation, coagulation, cationic 

exchange membrane and adsorption among others, (Kharub, 2012). One of the most popular and 

currently being explored technique in dye and colorants removal in general is adsorption using 

agricultural wastes both in their unmodified and modified forms, (Jedynak & Repelewicz, 2017). 

Adsorption using activated carbon is very effective but is expensive and cannot be applied in 

large scale industrial wastewater treatment and also requires regeneration for re-use (Muinde et 

al., 2017). Recently more studies have focused on making low-cost agricultural wastes available 

for large scale application to clean industrial discharge which can be attributed to their 

availability at very low cost and also their excellent performance in removing dyes and pigments 

from wastewater mixtures (El-Sayed, 2011). Aerial parts of various Agricultural waste materials 
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have been investigated and shown that they are not only cost effective but have a higher 

adsorptive dye removal efficiency (Jain &Jayaram, 2010). 

 Mangroves 

The word ‘mangrove’ refers to several species of plants which inhabit intertidal zone of tropical 

and subtropical coastlines. Ecological habitats inhabited by mangroves are a unique ecosystem 

exemplified by numerous stress conditions such as water logging, high salinity, low nutrition 

condition, light stress and low oxygen condition, normally found in abundant along the coastal 

regions of East Africa, India, South East Asia and Australia (Hendy et al., 2014). Mangroves 

form a vital coastal ecosystem. They are essential for communities inhabiting along the extensive 

world’s major coastlines and most of these communities rely on mangrove forests for wood to 

build boats, furniture, houses and for firewood. Along the Kenyan-coastline, mangrove forests 

spread from approximately 54,000 ha, most of which are in Lamu and Tana River districts. Figure 

2.1 show the map of Kenya showing major towns dominated by mangrove vegetation; the typical 

pattern of mangrove spread in East Africa and major coastlines around the world is such that the 

seaward side is occupied by Sonneratia-Rhizophora-giant Avicennia community. The trend is 

followed by Rhizophora-Bruguiera-Ceriops in the mid zone and dwarf Avicennia-Lumnitzera-

Xylocarpus complex on the landward side (Lang’at & Kairo, 2008). 
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Figure 2.1: Coastal towns dominated by mangrove vegetation (source: NMEMP) 

 

Communities along the Kenyan coastline about 30 miles South of Mombasa-Kenya’s main 

coastal city are essentially the mangrove benefactors as they rely on the mangrove forests for 

both economic, environmental and ecological importance (Lang’at & Kairo, 2008).  

The South Coast of Mombasa, Gazi region, centres major projects like the Mikoko Pamoja 

project, a community-based project that advocates on the benefits of planting the vast mangrove 

species and discourages deforestation along the coastline and mangrove vegetation of Gazi Bay 

(MVGB) (Ruwa, 1993).  The study aims at increasing the awareness on the adsorptive nature of 

mangrove plant for the South Coast based projects and narrows down to specific species and 

their chemistry applications. Note that apart from shoreline protection, waste assimilation and 

carbon sequestration among other importance of the mangrove plant; fishes, some amphibians 
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and other fauna also inhabit these forests as breeding grounds and habitat; these have greatly 

influenced the mangrove plants adaptations and this further supports their study. Amongst the 9 

mangrove species in Kenya, R. mucronata and C. tagal are the dominant species constituting 

approximately 70% of the 54000 ha mangrove forests formation (Romañach et al., 2018).  

The mangrove species under investigation; X. moluccensis of the mahogany family, and R. 

mucronata, are fast growing plants and are used in the restoration of mangrove habitats. These 

are classified as true mangrove species because they are part of the major constituents of the 

mangrove ecosystem (Mangrove Conservation, Kenyan Style). The land-sea interface mangrove 

zonation is such that R. mucronata and X. moluccensis are inshore and offshore respectively 

along the wide mangrove forests. 

R. mucronata is a member of Bruguiera a species of mangroves just like R. stylosa (RS), which 

was found to be capable of filtrating metal ions mainly Na+ ions present in saline environment; 

biophysically through their root which possesses a hierarchical, triple layered pore structure with 

high surface potential area that block most of the Na+ ions (Kim et al., 2016). Studies have also 

shown the potency of R. mucronata roots to adsorb Lead II ions present in aqueous mixtures 

(Ngugi et al., 2016); and is a viable alternative source of many biological and chemically active 

compounds which are already known to be of great economic and pharmaceutical importance 

(Basyuni et al., 2017). Chemical pigment extracts from X. moluccensis of the mahogany 

(meliaceae) family have been used in the manufacture of marine drugs. The two species’ 

efficiency in dye stuffs removal from aqueous mixtures have however not been tested. 

  



10 
 

 Textile Organic Dyes 

The textile organic dyes classification can be in terms of its application characteristics or its 

chemical structure. The application characteristics refer to the Cl-generic common name like 

reactive, direct, disperse, acid or basic; while the chemical structure refers to Cl- constitution 

numbering like carotenoid, nitro-diphenylmethane or quinolone; among others (Crini et al., 

2007). Chromophores present in dyes are groups of atoms that brings about the colouring 

property of the dyes. Diverse functional groups like azo, nitro, carbonyl, aril-methane, methane, 

anthraquinone and others, define these chromophores (Chequer et al., 2013). Most of organic 

dyes used for textile printing and dying are azo dyes with intense colorant and very toxic (Carmen 

et al., 2014). Figures 2.2 and 2.3 show the structures of the two dyes, CV and MG.  

 

                                       Figure 2.2: Structure of CV dye (Source: Author)       

 

                                        Figure 2.3: Structure of MG dye (Source: Author) 
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CV dye (Basic Violet-3) is a synthesized cationic dye prone to transmit violet colour in aqueous 

mixture. This triaryl methane dye is extensively useful in the textile plants dying silk, cotton, 

nylon, wool and also in veterinary medicine. It is a very toxic substance that is severely harmful 

on ingestion and or inhalation and it is easily absorbed through the skin and causes irritation 

(Bertolini et al., 2013). 

MG is greenish blue in aqueous solutions and is used for colouring silk, leather and cotton paper 

among others and it is also used as a fungicide, parasiticide, anti-protozoan and anti-bacterial 

agent, (Kushwaha et al., 2014). These cationic dyes are hazardous and carcinogenic (Salahshoor 

et al., 2014). They both decrease growth, damages the heart, brain, kidney, spleen, lungs, liver 

and increase infertility rates (Chanzu et al., 2012). Their presence is not only catastrophic to the 

living organisms but also can lead to long term degradation and lower the quality level of the 

aspects of our immediate ecosystem hence careful disposal of these dyes is critical move to save 

our society.  

 Techniques for Surface Characterisation and Analysis 

The surface layer is often considered as the layer from which important information is obtained 

using a specific analytical technique. The importance of the properties of solid surfaces is crucial 

in many areas of science and technology which are contributing to our daily well-being. These 

include, microelectronics, catalysis, metallurgy, microscopy, adhesion, science environment, 

corrosion, tribology and adsorption. Microscopy is a technique of characterization in which a 

material’s surface and sub-surface structures are probed and mapped. Some of the methods used 

in microscopy include; Contact Angle Analysis (CAA), Scanning Probe/Atomic Force 

Microscopy (SPM, AFM), Fourier-Transform Infrared Spectroscopy (FT-IR), Transmission 

Electron Microscopy, Scanning Electron Microscopy – TEM and SEM, X-Ray Fluorescence 

(XRF) and X-ray Photoelectron Spectroscopy (XPS). FT-IR spectroscopy is a potent tool for the 

study of the functional groups present in these adsorptive sites in the material at molecular level, 
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that could be responsible for adsorption process and it offers a high molecular resolution and 

experimental flexibility (Alawam et al., 2014). In this study, the FT-IR spectroscopy was made 

use of as a tool to determine and help explain the major functional groups enhancing the sorption 

process observed during the experiments. FT-IR spectrometer passes IR radiation through a 

material sample and measures its wavelengths at which absorption occurs. Molecular vibrations 

(stretching, bending and twisting) that absorb varying amounts of energy at a given frequency, 

enables FT-IR to provide chemical and structural information that is useful in determining the 

reactive sites of the molecule (Coates et al., 2000). 

 Techniques of Dye Removal  

Textile waste water treatment have attracted quite a number of scientific and technological 

innovations in recent past. Some of the commonly exploited methods for dye removal include 

biological, chemical, and physicochemical techniques such as fungal decolorization flocculation 

and electrochemical, respectively (Bertolini et al., 2013). However, since effluents contain dye 

mixtures of complex structures, most industries have found it tricky to apply these conventional 

methods in treating the aqueous discharge from their firms (Bajpai & Jain, 2012). 

Adsorption is a surface occurrence  whereby solutes in a multicomponent fluid are attracted to 

the surface of a solid adsorbent by physical and chemical means; forming attachments and 

become part of the system (Zhang & Ou, 2013). Since the major part of industrial effluents are 

in the solution form, adsorption is an applicable technique in removing tiny chemical 

contaminants from the solution (Saeed et al., 2010). The development of industrial-large scale 

treatment methodology for the dye extraction depends on an in-depth study and optimisation of 

the above adsorptive parameters (Upadhye et al., 2018). As various adsorbents differ in the 

structure, chemical composition and affinity for the adsorbate, this study will investigate the 

adsorptive capacities for two mangrove species from different geographical regions along the 

Kenyan coastline. 
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 Adsorption Isotherms 

Adsorption at molecular level may mechanistically be controlled by the formation of a 

monolayer or multilayer. An adsorption isotherm is a model for a given data, experimentally 

obtained from adsorption processes and it predicts the mechanisms involved in various 

adsorption systems.  For a proper understanding of an adsorption process, the adsorption 

equilibrium criteria is vital. If understood and interpreted properly, an adsorption isotherm 

becomes the backbone to the overall improvement of the design and pathways of adsorption 

system and mechanism respectively (Ayawei et al., 2017). Linear regression analysis is used as 

a tool for quantifying adsorbate distribution and verify the consistency of the theoretical 

assumptions with the adsorption isotherm model (Mittal et al., 2007). The two most useful 

adsorption isotherms in the current study are the Langmuir isotherm and the Freundlich isotherm. 

This study correlates ideas by Langmuir’s isotherm which describes the monolayer adsorption 

and those by Freundlich isotherm which describes multilayer (Hameed & El-Khaiary, 2008). 

2.6.1 Langmuir Isotherm 

In Langmuir adsorption isotherm the adsorbent material has one adsorptive layer with each active 

site interacting with only one molecule and these active sites are energetically equivalent (Chen 

et al., 2012). The affinity between adsorbate and adsorbent is measured by the Langmuir constant 

KL, however the reciprocal value of KL is a measure of the concentration at which adsorbent 

material attains half its maximum adsorption capacity (Önal et al., 2007). Equation 1 below gives 

the Langmuir isotherm on a linear form; 

                                       
𝐶𝑒

𝑄𝑒
 = 

1

𝐾𝑙 

1

𝑄𝑚𝑎𝑥
 + 

𝐶𝑒

𝑄𝑚𝑎𝑥
                                                   Equation (1) 

where  Qe- the amount of adsorbate at equilibrium (mg/g). 

  Qmax- maximum monolayer adsorption capacity of the adsorbent (mg/g). 
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  Ce- equilibrium concentration of adsorbate (mg/L). 

  Kl- Langmuir adsorption constant related to the free energy adsorption (L/mg). 

The Langmuir constant Qmax and Kl values are calculated from the slope and intercept 

respectively, of linear plot of Ce/Qe verses Ce. A separation factor of equilibrium parameter, RL, 

illustrates important features of Langmuir isotherm model and is worked out by the Equation; 

                                  RL
 = 1

 𝑞𝑚𝐾𝐿

                                                                                  Equation (2) 

where qm is the maximum monolayer adsorption capacity of the adsorbent (mg/g). 

The type of biosorption isotherm is indicated RL values and is interpreted as; 

Linear (R = 1) 

Favourable (0<RL<1) 

Unfavourable (RL>1) (Irving Langmuir, 1916) 

2.6.2 Freundlich Isotherm 

 The empirical isotherm equation proposed by Freundlich is given as ; 

                                                  Qe= Kf 𝐶𝑒

1

𝑛                                               Equation (3) 

The assumption in equation 3 outlines energetically variable, active sites on a heterogeneous 

adsorption surface (Mittal et al., 2007). In linear form, Freundlich isotherm relation can be given 

in as shown in Equation 4; 

                                           Log Qe = Log Kf + 
1

𝑛
 log Ce.                          Equation (4) 

where Ce = equilibrium concentration of solution (mg/L). 

 Qe = amount of dye adsorbed per unit mass of adsorbent (mg/g). 
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 n = number of layers. 

 Kf = Freundlich constant. 

In this equation, the adsorption capacity of materials under investigation is measured by Kf   

value while the change in adsorbate molecular affinity with time as adsorption proceeds is 

determined by the ‘n’ quantity and the isotherm constant Kf is the intercept.  

 Kinetics of Adsorption 

Adsorption process can further be illustrated by the use of kinetic models that fit in 

experimentally obtained data. Pseudo-first order, -second order models are in this study to 

evaluate the kinetics of CV and MG adsorption processes and these were further modelled by 

intraparticle diffusion. 

2.7.1 Pseudo-First Order Kinetics 

A pseudo first order reaction is one which is literally a second order but the concentration of one 

of the reactants is in excess rendering the overall order a first order reaction. Lagergrens pseudo-

first order kinetics equation (Ho & McKay, 1998) given as: 

                                              log (qe – qt) = log qe + 
𝑘1

2.303
 t                                       Equation (5) 

 where qe = equilibrium amount of dye adsorbed per unit mass of adsorbent (mg/g). 

            qt = amount of dye adsorbed per unit mass of adsorbent at time t (mg/g). 

            kl = pseudo-first order adsorption rate constant (min-1). 

  t = time (min). 

2.7.2 Pseudo- Second Order Kinetics 

The (Ho and McKay, 1999) kinetics equation is given as:  

                      
𝑡

𝑞𝑡
 = 

1

𝑘2𝑞𝑒
2 + 

𝑡

𝑞𝑒
                                                      Equation (6) 
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 where qe = equilibrium amount of dye adsorbed per unit mass of adsorbent (mg/g). 

  qt = amount of dye adsorbed per unit mass of adsorbent at time t (mg/g). 

  K2 = pseudo-second order adsorption rate constant (gmin-1mg-1).  

  t = time (min).  

The equilibrium adsorption capacity, qe (mg/g) and the pseudo-second order rate constant K2 are 

described by the gradient and the intercept respectively, of the linear plot t/qt (gmin/mg) against 

time, t. The values of the parameters of this second order kinetics must agree with high values 

for R2.  

2.7.3 Intraparticle Diffusion 

The sorption mechanism during sorbate-adsorbent interaction occurs by either particle 

diffusion or film diffusion process. In this case, the sorbate diffuses through the solution 

bulk towards the film surrounding the adsorbent and then into the macrospores and micro 

pores of the adsorbent. Expressed as the square root of time, the intraparticle model equation 

is given by (Weber & Morris, 1963) is; 

qt = Kdiff. t 
½ + C                                                                                  Equation (7) 

 where qt = amount of dye adsorbed per unit mass of adsorbent at time t (mg/g). 

                   Kdiff. = intraparticle diffusion rate constant (mg g-1min-1). 

  t = time (min). 

  C = intercept. 
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CHAPTER THREE 

3.0 Materials and Methods 

 Adsorbent Collection and Preparation 

The mangrove samples were collected from Gazi Bay, Ukunda Kwale county, Kenya. X. 

moluccenisis and R. mucronata, the two mangrove species were botanically identified at KMFRI 

laboratories-Gazi Branch, Kwale county. Figures 3.1 and 3.4 show the two species; R. mucronata 

and X. moluccensis from mangrove forests along Gazi Bay. 

 

Figure 3.1: R. mucronata from Gazi bay, Kenya (Source: Author) 

 

Figure 3.2: X. moluccensis from Gazi bay, Kenya (Source: Author) 
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The materials were then transported to the University of Nairobi for batch adsorption experiment 

to determine efficacy of each species on the adsorption of organic dyes. The materials were then 

dried and ground into powder form. The stem and stem-bark powder for each species were then 

soaked in water for 3 days after which they were filtered and put into fresh water to remove 

colorants. This procedure was repeated for a period of two months to dissolve and remove the 

plant pigments and the clean materials were further washed in double distilled. The clean 

materials were then dried in at a temperature of 250C and 1 atmosphere pressure (1atm) to 

preserve their important structures and functional groups. The powdered Mangrove samples 

were then sieved into various particle sizes namely parts less than 300 µm, parts greater than 300 

but less than 425 µm and those greater than 425 µm by gradation technique. The sieved particles 

were then stored, at room temperature and pressure 250C and 1atm respectively, in medium sized 

self-sealing plastic bags and containers shown in Figures 3.3 and 3.4; 

 

   

 

 

 

 

Figure 3.3: Prepared R. mucronata adsorbent stem of particle size, > 300µm < 425µm. 
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Figure 3.4: Prepared R. mucronata adsorbent stem-bark of particle size, > 300µm < 425µm.                                                       

Under various experimental conditions, these were then subjected to batch adsorption 

experiments as reported in section 3.4; sub-section 3.4.2; for CV adsorption experiments and 

section 3.5 for MG adsorption experiments.  

 Surface Characterisation 

The fine powder of each mangrove was cleaned using double distilled water and the raw samples 

were mixed with potassium bromide (KBr) powder, triturated and then made into a 1 mm pellets 

for Fourier-transform infrared (FT-IR) analysis at frequency range of 4000 – 400cm-1. The FT- 

IR analysis was performed on Shimadzu FT-IR Affinity-IF spectrometer and was run 

successfully. The graphical results were then interpreted to ascertain the key compounds present 

in the matrix of the materials.  

 Adsorbate Collection and Preparation 

3.3.1 Preparation of CV and MG dyes. 

The crystal violet dye was purchased from Manigate Agencies LTD, analysed and subjected to 

adsorption experiments without any further purification. 0.0408 g of CV dye (99.99%pure) 

crystals was measured and used to prepare 40.8 mg/L stock solution.  
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Cationic Malachite Green dye, obtained from Kobian Scientific (Merck Manufactures), was also 

analysed and subjected to adsorption experiments without further purification. About 0.092903g 

of MG dye (99.98% pure) crystals was used to prepare 92.903 mg/L stock solution.  

The stock solution was serially diluted to 2.50 × 10-5, 1.25 × 10-5, 1.00 × 10-5, 5.00 × 10-6 and 

2.50 × 10-6M of CV and MG dyes using the formula shown below: 

                                                       M1V1 = M2V2                                                          Equation (8) 

Where; M1   = Concentration of the stock solution, mol/dm3.  

             M2    = Concentration of dilute solution, mol/dm3. 

              V1    = Volume extracted from the stock solution, cm3. 

              V2    = Final volume of dilute solution, cm3. 

Various parameters were then investigated with a few adjustments as presented in the batch 

adsorption experimental procedures described in section 3.4. 

 CV Adsorption Experiments 

3.4.1 Determining Calibration Curve  

With the concentrations kept constant at room temperature and pressure, 40 ml of CV dye of 

concentration 2.50 × 10-5M was measured using a measuring cylinder into three 250 ml 

Erlenmeyer flasks and the initial absorbance of each solution determined at λmax = 590 nm using 

a UV/VIS spectrophotometer (Shimadzu UV 1700, Japan). Consecutive serial dilution was done 

and the experiment was repeated for concentrations; 2.50 × 10-5, 1.25 × 10-5, 1.00 × 10-5, 5.00 × 

10-6 and 2.50 × 10-6M.  A graph of absorbance against the concentrations was then plotted. For 

the following consecutive experiments, the initial absorbance of each solution was determined 

at λmax = 590 nm using a UV/VIS spectrophotometer (Shimadzu UV 1700, Japan). 
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3.4.2 Effect of contact Time 

To a set of three 250 ml Erlenmeyer flasks, 40 ml of CV dye of concentration 2.50 × 10-5M was 

transferred. These measurements were done at a temperature of 250C and 1 atmosphere pressure 

(1atm). To each of the flasks, 0.25 g powdered X. moluccenisis stem-bark, particle size ˃300 µm 

to ˂ 425 µm, was then added and the system set on an orbital shaker (Thermolyne-type 65800) 

preset at 350 rpm. Using a laboratory filtration syringe, aliquots were withdrawn every 5 minutes, 

filtered and their absorbance determined at λmax = 590 nm, and returned into the solution. The 

experiment was done for 60 minutes and various parameters investigated and the procedures 

repeated for X. moluccenisis stem. 

3.4.3 Effect of Particle Size 

40 ml of 2.5 × 10-5M of CV dye was placed in 250 ml Erlenmeyer flask. With a stop watch 

started simultaneously, 0.25 g of finely powdered X. moluccenisis stem-bark of particle size < 

300 µm, was added and the system placed on an orbital shaker (Thermolyne-type 65800) preset 

at 350 rpm. Aliquots were then withdrawn, adsorbent filtered and absorbance measured at λmax 

= 590 nm, every 5 minutes time intervals during the 60 minutes experiment duration, before 

being returned into the solution. The experiment was done three times and repeated for particle 

sizes ˃300 µm ˂ 425 µm, and > 425 µm.  

3.4.4 Effect of Adsorbent Dose 

40 ml of 2.50 × 10-5M of CV dye was placed in 250 ml Erlenmeyer flask at 250C and 1 

atmosphere. With a stop watch started simultaneously, 0.125 g of finely powdered X. 

moluccenisis stem-bark of particle size ˃300 µm ˂ 425 µm, was added and the system placed on 

an orbital shaker (Thermolyne-type 65800) preset at 350 rpm. Aliquots were then withdrawn, 

adsorbent filtered and absorbance measured at λmax = 590 nm, every 5 minutes time intervals 

during the 60 minutes experiment duration, before being returned into the solution. The 

experiment was done three times and repeated for adsorbent doses 0.250 g, 0.375 g and 0.500 g.  
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3.4.5 Effect of Concentration 

40 ml of 2.5 × 10-5M of CV dye was placed in 250 ml Erlenmeyer flask at 250C and 1 atm. With 

a stop watch started simultaneously, 0.25 g of finely powdered X. moluccenisis stem-bark of 

particle size ˃300 µm ˂ 425 µm, was added and the system placed on an orbital shaker 

(Thermolyne-type 65800) preset at 350 rpm. Aliquots were then withdrawn, filtered and 

absorbance measured at λmax = 590 nm, every 5 minutes time intervals during the 60 minutes 

experiment duration, before being returned into the solution. The experiment was done three 

times and repeated for concentrations; 1.25 × 10-5, 1.0 × 10-5, 5.0 × 10-6 and 2.5 × 10-6.  

3.4.6 Effect of pH 

40 ml of 2.50 × 10-5M of CV dye was placed in 250 ml Erlenmeyer flask at 25 0C at 1 atmosphere. 

The pH was then adjusted to pH 2 using 1.00M HCl and 1.00M NaOH and double distilled water. 

With a stop watch started simultaneously, 0.25g of finely powdered X. moluccenisis stem-bark 

of particle size ˃300 µm ˂ 425 µm, was added and the system placed on an orbital shaker 

(Thermolyne-type 65800) preset at 350 rpm. Aliquots were then withdrawn, filtered and 

absorbance measured at λmax = 590 nm, every 5 minutes time intervals during the 60 minutes 

experiment duration, before being returned into the solution. The experiment was done three 

times and repeated for pH 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0.  

3.4.7 Effect of Ionic Strength 

30 ml of 2.50 × 10-5M of CV dye was placed in six 250 ml Erlenmeyer flasks at room temperature 

and pressure. To each flask, specific amounts (ml) of 1M NaCl and distilled water were added 

as given in the Table 3.1 shown. 
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Table 3.1: Variation of Ionic Strength with Volume of the Aqueous Solution. 

 

With a stop watch started simultaneously, 0.25 g of finely powdered X. moluccenisis stem-bark 

of particle size ˃300 µm to ˂ 425 µm, was added and the system placed on an orbital shaker 

(Thermolyne-type 65800) preset at 350 rpm. Aliquots were then withdrawn, filtered and 

absorbance measured at λmax = 590 nm, every 5 minutes time intervals during the experiment 

duration, before being returned into the solution. The results were recorded and subsequently 

plotted to obtain graphs. 

 MG Adsorption Experiments 

The parametric procedures in section 3.4 were carefully repeated for Malachite Green dye (λmax 

= 617 nm) at a temperature of 250C and 1 atmosphere pressure. The results were compared and 

various constants determined for each species adsorptive nature and conclusions drawn as given 

in Chapter 5.0. 

 Determining the surface characteristics by use of FTIR 

The attenuated total reflectance method was used to analyse the species samples. Fine powdered 

species samples (having a maximum length of about 5 µm) was selected from the unused 

materials (raw) and used materials. The samples were then mixed with potassium bromide (KBr) 

powder, triturated and then made into a 1 mm pellets for Fourier-transform infrared (FT-IR) 

analysis at frequency range of 4000 – 400 cm-1. Below this value (5 µm), scattering losses can 

be ignored. The spectral results were then computer generated and presented for interpretation. 

Flask  1 2 3 4 5 6 

Volume of 1.0M NaCl (ml) 0 2 4 6 8 10 

Volume of Distilled Water (ml) 10 8 6 4 2 0 
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CHAPTER FOUR 

4.0 Results and Discussions 

 Maximum Absorption Wavelength (λmax) 

The maximum absorption wavelengths for CV was obtained by scanning from 300 nm to 700 

nm while for MG, the scanning was in the range; 300 nm to 900 nm using UV/VIS 

spectrophotometer (Shimadzu UV 1700, Japan). The maximum wavelength, λmax, for CV and 

MG dyes were found to be 590 nm and 617 nm respectively as shown in the figures 4.1 and 4.2. 

This was in line with the literature values which put the maximum adsorption wavelengths at 

592 nm and 617 nm for CV and MG respectively, (Bulut et al., 2008; Sun et al., 2007). 

 

Figure 4.1: Maximum wavelength, λmax, for CV dye. 
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Figure 4.2: Maximum wavelength, λmax , for MG dye. 

 Calibration Curves 

A calibration curve is a standard curve that determines a substance’s concentration in a given 

sample under investigation. It compares the concentration of unknown sample to a set of 

standard samples whose concentrations are known (Chieng et al., 2013). The calibration curves 

for CV and MG dyes were generated from dilute solutions prepared from the stock solutions. To 

compare the concentrations in this study, a calibration curve was developed for CV and MG dyes 

as given in figure 4.3 and 4.4 respectively; 
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Figure 4.3: Calibration curve for CV dye. 

 

Figure 4.4: Calibration curve for MG dye. 

The coefficient of determination, R2, values in Figures 4.3 and 4.4 are high demonstrating good 

calibration curves. The standard curves presented show the correct concentrations that will be 

used in the batch experiments. 
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 Batch CV Adsorption using Arial Parts of X. moluccenisis and R. mucronata 

4.3.1 Effect of Contact Time 

The efficiency of the adsorption process and its associated kinetics and equilibrium time, 

between dye molecules and the adsorbent materials, is determined by the contact time. CV dye 

adsorption onto the surface of X. moluccenisis stem-bark and R. mucronata stem-bark, was found 

to be higher than onto the species stem. In both cases, dye sorption rapidly increased with time 

but is slowed down as the system attains equilibrium. The following plots, Figures 4.5 and 4.6, 

illustrates the adsorption of CV dye with time onto species stem and stem-bark. 

 

Figure 4.5: Effect of Contact Time on adsorption of CV onto X. moluccenisis stem and 

stem-bark. 
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Figure 4.6: Effect of Contact Time on adsorption of CV onto R. mucronata stem and 

stem-bark. 

From Figures 4.5 and 4.6, the trend of dye uptake by the stem and stem-bark of the two mangrove 

species is visibly contact-time dependant. The amount of dye adsorbed by X. moluccenisis stem 

and stem-bark within the first 5 to 20 minutes, increased from 75.9 ± 0.15% to 97.1 ± 0.15, and 

from 85.2 ± 0.16% to 96.7 ± 0.11% respectively. For R. mucronata stem, the uptake increased 

from 85.2 ± 0.16% to 95.3 ± 0.20% and from 85.2 ± 0.47% to 95.3 ± 0.05% capacity for R. 

mucronata stem-bark and thereafter becomes constant as the process reaches its equilibrium 

position. The results demonstrate that adsorption is time dependent and approximately 45 

minutes was required by each adsorbent to attain equilibrium; with an adsorption capacity 

ranging between 98.1 to 99.8 ± 0.16%. The time factor shows that the adsorption process onto 

these species parts is kinetically stable as compared with other adsorbents previously examined 

(Alshabanat et al., 2013). In both Figure 4.5 and Figure 4.6, the stem-bark of the species was 

found to have a higher capacity than the stem with other factors remaining constant. At 45 

minutes the performance of the bark was at about 99.5% ± 0.15%. capacity compared to the stem 

which was at 98.6% ± 0.16% capacity.  
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4.3.2 Effect of Initial Concentration   

Figures 4.7 and 4.8 shows how dye concentration affects adsorption of adsorbate molecules onto 

the species stem and stem-bark. In figure 4.7, adsorption of CV dye increased with concentration 

for both the stem and stem-bark of X. moluccensis adsorbent materials. The lowest and highest 

equilibrium adsorption capacity Qe mg/g was 40.78 ± 0.002 mg/g and 407.98 ± 0.002mg/g for 

the stem-bark showing an increase in Qe mg/g with increase in adsorbate concentration. This 

trend was also observed in Figure 4.8 with R. mucronata adsorbent materials. 

 

Figure 4.7: Effect of Initial CV Concentration for Adsorption onto X. moluccenisis stem 

and stem-bark. 
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Figure 4.8: Effect of Initial CV Concentration for Adsorption onto R. mucronata stem 

and stem-bark 

Figures 4.7 and 4.8 demonstrates that adsorption process depend on the concentration of the dyes 

and at very low CV dye concentration, fractional adsorption is low and the adsorption process is 

not dependent on the initial dye concentration. However larger fractional adsorption ratio is 

realized at higher concentrations (Chakraborty et al., 2012). The actual available sites for 

adsorption become fewer at higher concentrations since the dye molecules overlap over these 

sites. The quantity of dye being adsorbed becomes less and hence the adsorption capacity is low 

(Arivoli et al., 2009).  

4.3.3 Effect of the Particle Size 

The surface area is a factor affecting adsorption and this can be assessed by characterisation of 

the particle sizes of the adsorbent materials (Joseph et al., 2013). Smaller particle sizes of the 

adsorbent material provide large surface area and ensures a high amount adsorbed per unit area 

(Wanyonyi et al., 2014). The effect of the particle sizes is shown in Figures 4.9 and 4.10; in the 

graphs, the percentage dye removed at equilibrium have been used as a measure of the species 

materials performance at different particle sizes. 
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Figure 4.9: Effect of Particle size on Adsorption of CV onto X. moluccenisis stem and 

stem-bark. 

 

Figure 4.10: Effect of Particle size on Adsorption of CV onto R. mucronata stem and 

stem-bark. 

Minute particle sizes means large surface area implying an increased number of surface active 

sites that can adsorb the dye molecules (Wanyonyi et al., 2014). The bar graphs in Figures 4.9 

and 4.10 clearly show that as the particle size decreases, the CV dye sorption at equilibrium also 

increases. At equilibrium the CV dye adsorbed increased from 397.9 ± 1.05 mg/g to 406.9± 1.07 



32 
 

mg/g and 391.5 ± 0.2 mg/g to 408.0 ± 0.2 mg/g for the stem and stem-bark of X. moluccensis 

respectively as particle sizes decreased from > 425 µm to < 300 µm. The dye adsorption onto 

the stem-bark surface was superior to that of the stem. For R. mucronata, the adsorbed dye at 

equilibrium as particle size decreases from > 425 µm to < 300 µm increased from 387.7 mg/g to 

406.4 ± 1.07 mg/g and 400.8 ± 0.95mg/g to 407.6 ± 1.07 mg/g for the stem and stem-bark 

respectively. The equilibrium adsorption capacities show that the stem-bark performed better 

than the stem of the species with other factors held constant, demonstrating that external 

environmental factors such as adaptations to harsh climatic conditions affect surface adsorption. 

The exposure of the stem-bark of the species to harsh saline conditions increased its sorption 

abilities hence the slight difference. A decrease in the equilibrium time as the particle size 

decreases have also been observed by Mohammed et al., (2014). This reduction in the 

equilibrium time can be due to diffusion by the finer particles as the particle size decreases. 

Further breaking the particles into finer powder opens up some tiny sealed channels that are 

necessary for and increases dye sorption (Kumar & Gayathri, 2009). Hence finer particle sizes 

have better adsorption properties than granular particle size. 

4.3.4 Effect of Adsorbent Dose 

The quantized adsorbent material used on CV sorption process was evaluated and the results 

obtained are as in Figures 4.11 and 4.12; 
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Figure 4.11: Effect of Adsorbent Dose on Adsorption of CV onto X. moluccensis stem 

and stem-bark. 

 

Figure 4.12: Effect of Adsorbent Dose on Adsorption of CV onto R. mucronata stem and 

stem-bark. 

The figures 4.11 and 4.12 show that the stem-bark is a better dye remover and the larger the dose, 

the higher the adsorption capacity although overlapping particles of the adsorbent increases with 

time reducing the efficiency of the process (Jedynak & Repelewicz, 2017). An increase in 
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adsorbent dose increases the process of adsorption and can be associated to the fact that at 

constant dye concentration and volume, sorption sites become unsaturated as the adsorbent dose 

increases (Salleh et al., 2011), and an equilibrium will develop between the two media (Raval et 

al., 2017). 

4.3.5 Effect of Ionic Strength 

The cations and anions present in textile industrial effluents generally increase the ionic strength 

of aqueous mixture. By varying the volume of the 1.0M NaCl and distilled water, the 

concentrations of Na+ and Cl- were altered at various stages. Effects of ionic strength on Crystal 

Violet adsorption are illustrated on Figure 4.13 and 4.14. 

 

Figure 4.13: Effect of Ionic Strength on Adsorption of CV onto X. moluccensis stem and 

stem-bark. 
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Figure 4.14: Effect of Ionic Strength on Adsorption of CV onto R. mucronata stem and 

stem-bark. 

The sorption properties of the materials decreased as ionic strength increases and at higher 

concentrations of the Na+ ions in the adsorbate solution for both dyes, a tremendous decrease in 

the amount adsorbed at equilibrium was witnessed with about 6.72 ± 0.003 % fall observed. Both 

the stem and stem-bark of the two Mangrove species, however, still showed over 93.28 ± 0.015% 

dye sorption at higher ionic strengths. The ionic strength determines the rate at which the cationic 

characters in the aqueous mixture compete for the available sites (Ali et al., 2014). A higher 

concentration of Na+ would viciously compete for the available sites out numbering the cationic 

dyes particles at molecular level, leading to a sorption decrease. Further the Na+ ions are smaller 

in size than the dye molecules (in which there are quite a number of groups causing screening 

effect); and will swiftly access the anionic sites still present on the adsorbent surface. Similar 

results on  CV and MG removal reduction with increase in ionic strength have been reported; 

(Oladipo & Gazi, 2014) and (Samiey & Toosi, 2010). 
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4.3.6 Effect of pH 

Figure 4.15 and 4.16 illustrates the pH factor on CV dye adsorption. 

 

Figure 4.15: Effect of pH on Adsorption of CV onto X. moluccensis stem and stem-bark. 

 

Figure 4.16: Effect of pH on Adsorption of CV onto R. mucronata stem and stem-bark. 

The best pH at which maximum adsorption is observed for the stem and stem-bark are pH 8 and 

pH 7 for CV adsorption onto X. moluccensis and R. mucronata species respectively with the 

stem-bark showing a higher capacity at 407.1 ± 0.05mg/g and 407.8 ± 0.05 mg/g. The pH of a 



37 
 

solution as observed, modifies  the adsorbent surfaces depending on whether the solution is 

acidic, neutral or alkaline (Zolgharnein et al., 2015). Investigations in this study involved 

determination of the optimum pH at which maximum adsorption occurs. As shown in Figures 

4.15 and 4.16, an increase in the pH beyond the neutral region, results to a slightly lower or 

constant adsorption process. A result that maybe due to characteristic observation that cationic 

dyes experience high affinity to anionic adsorbent sites at higher pH values (Pavan et al., 2014). 

 Batch MG Adsorption using Arial Parts of X. moluccensis and R. mucronata. 

4.4.1 Effect of Contact Time 

This study emphasised adsorptive properties of X. moluccensis and R. mucronata. The species 

stem-bark was found to have superior adsorptive properties than stem samples of the species.  

The equilibrium was found to set up within 10 minutes for both X. moluccensis stem and the 

stem-bark as demonstrated in Figure 4.17 and 4.18; 

 

Figure 4.17: Effect of Contact Time on Adsorption of MG onto X. moluccensis stem and 

stem-bark. 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60

%
 D

y
e 

R
em

o
v
ed

 

Time (mins)

MG Adsorption onto XM stem MG Adsorption onto XM stem-bark



38 
 

 

Figure 4.18: Effect of Contact time on Adsorption of MG onto R. mucronata stem and 

stem-bark.  

The adsorption process was found to rapidly increase with time for the first 5 minutes but slowed 

down on attaining equilibrium. The rapid adsorption shown could be due to available surface 

empty sites (Veetil et al., 2012). After 50 minutes, both CV and MG dye adsorption was slower 

indicating that the equilibrium conditions have been attained (Bertolini et al., 2013).  
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4.4.2 Effect of Initial Concentration  

Effect of concentration of MG dye is illustrated on Figure 4.19 and 4.20; 

 

Figure 4.19: Effect of Concentration on Adsorption of MG onto X. moluccensis stem and 

stem-bark. 

 

Figure 4.20: Effect of Concentration on Adsorption of MG onto R. mucronata stem and 

stem-bark. 

Figures 4.19 and 4.20 characteristically compares to observed results in section 4.3; sub-section 

4.3.2.  
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4.4.3 Effect of the Particle Size  

The particle size as a parameter on the adsorption of MG dye are given in figures 4.21 and 4.22  

 

Figure 4.21: Effect of Particle size on Adsorption of MG onto X. moluccensis stem and 

stem-bark. 

 

Figure 4.22: Effect of Particle Size on Adsorption of MG onto R. mucronata stem and 

stem-bark. 

An inverse relation was found to exist between adsorption capacity and adsorbent particle sizes 

hence a direct influence on the equilibrium time of the adsorption for both dyes. This is evident 

in the higher adsorption capacities observed in the Figures 4.21 and 4.22. At equilibrium, the 
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MG dye adsorbed increased from 337.6 mg/g to 369.2 ± 0.07 mg/g and 361.0 mg/g to 370.0 ± 

0.03 mg/g for the stem and stem-bark of X. moluccensis as the particle sizes decreased from > 

425 µm to < 300 µm. respectively. With R. mucronata, there was respective increase from 356.1 

mg/g to 367.1 ± 0.03mg/g and 360.1 mg/g to 371.5 mg/g for the stem and stem-bark respectively. 

X. moluccensis and R. mucronata bark was found to have a higher adsorption capacity than stem 

for both MG dye. The results support other findings in literature; that fine particle sized 

adsorbents have higher affinity for dye contaminants compared to coarse particle for most 

materials (Lim et al., 2015). 

4.4.4 Effect of Adsorbent Dose  

With other parameters kept constant, the adsorbent dose was studied and the final data evaluated 

as shown in figures 4.23 and 4.24; 

 

Figure 4.23: Effect of Adsorbent Dose on Adsorption of MG onto X. moluccensis stem 

and stem-bark. 
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Figure 4.24: Effect of Adsorbent Dose on Adsorption of MG onto R. mucronata stem and 

stem-bark. 

As shown in figures 4.23 and 4.24, the stem-bark of the species had greater performance at 371.6 

± 0.01  mg/g compared with the stem at 370.6 ± 0.02 mg/g. Increased adsorbent dose increases 

the available adsorption sites and at 350 rpm, the overlap of these sites are inhibited and more 

dye molecules are adsorbed thereby increasing the materials’ adsorption capacity (Chowdhury 

et al., 2013). 

4.4.5 Effect of Ionic Strength  

Metal cations present in textile industrial effluents generally increase the ionic strength of 

aqueous mixture as already discussed. Figures 4.25 to 4.26 gives the results obtained from these 

electrostatic effects on MG dye. 
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Figure 4.25: Effect of Ionic Strength on Adsorption of MG onto X. moluccensis stem and 

stem-bark. 

 

 Figure 4.26: Effect of Ionic Strength on Adsorption of MG onto R. mucronata stem and stem-

bark. 

The sorption capacity of MG dye is inversely correlated to ionic strength and the latter was found 

to have an increased effect of MG dye (66.9 ± 0.08% at 10 ml of 1.0M NaCl) compared with CV 

dye (93.3 ± 0.08% at 10 ml of 1.0M NaCl). This can be related to the difference in the molecular 

structure with CV having two amino groups which have lone pairs of electrons and act as 
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nucleophilic attractive centres (Eren, et al., 2010). MG dye has only one extra site of this kind 

hence the disadvantage in comparison to CV dye. 

4.4.6 Effect of pH  

Figure 4.27 and 4.28 below show the variation in MG dye adsorption with pH of the solution. 

 

Figure 4.27: Effect of pH on Adsorption of MG onto X. moluccensis stem and stem-bark. 

 

Figure 4.28: Effect of pH on Adsorption of MG onto R. mucronata stem. 
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The value of optimum pH was between 6.5 to 8.5 and 6 to 8.5 for CV and MG dyes respectively. 

The characteristic affinity for bases observed for the two dyes shows that both dyes are cationic 

and the functional groups may include amino, hydroxyl, sulphonyl and carbonyl groups (Nandi 

et al., 2009). These functional groups become anionic at higher pH due to attractive tendency 

between the opposite charges on site. After pH 8.5, the observed colour change was negligible 

(Baek et al., 2010). These observations indicate protonation of CV and MG in acidic medium. 

At molecular level and as the pH range (pH< 6) rises, de-protonation of the dyes occurs and a 

positively charged surface which hinders effective adsorption of dye particles (Hameed & El-

Khaiary, 2008). 

 Adsorption Equilibrium 

The equilibrium characteristics of a given adsorption process can be evaluated using various 

isotherms including; Langmuir, Freundlich, Sips and Reddich-Peterson isotherms. These give 

equilibration curves which help optimise the design of the sorption process. To predict the 

sorption characteristics at equilibrium of these cationic, this study looked at the applications of 

Langmuir and Freundlich isotherms model to investigate the equilibrium characteristics of the 

adsorption process. 

4.5.1 Langmuir Isotherm on CV and MG Adsorption 

Equilibrium adsorption data for various initial CV concentrations was modelled using the 

Langmuir isotherm to determine whether the adsorption process occurs through monolayer 

covering of the adsorbent surface. The Langmuir Isotherm model (equation 1) is a linear plot of 

𝑐𝑒

𝑞𝑚
 verses Ce with the slope giving qm (mg/g) and intercept giving KL. For adsorption process to 

follow the Langmuir model the regression coefficient R2, must closely approach 1. Figure 4.29 

to 4.36 below show the Langmuir Isotherm for CV and MG adsorption onto X. moluccensis and 

R. mucronata stem and stem-bark. 
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Figure 4.29: Langmuir Isotherm for CV Adsorption onto X. moluccensis stem-bark. 

 

Figure 4.30: Langmuir Isotherm for CV Adsorption onto X. moluccensis stem. 
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  Figure 4.31: Langmuir Isotherm for CV Adsorption onto R. mucronata stem-bark. 

 

Figure 4.32: Langmuir Isotherm for CV Adsorption onto R. mucronata stem. 
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Figure 4.33: Langmuir Isotherm for MG Adsorption onto X. moluccensis stem-bark. 

 

Figure 4.34: Langmuir Isotherm for MG Adsorption onto X. moluccensis stem. 
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Figure 4.35: Langmuir Isotherm for MG Adsorption onto R. mucronata stem-bark. 

 

Figure 4.36: Langmuir Isotherm for MG Adsorption onto R. mucronata stem. 
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The results of Langmuir’ plots are shown in the Table 4.1; 

Table 4.1: Langmuir Isotherm Parameters for CV and MG dyes.  

 

The correlation coefficient, R2, values determines the isotherm model best fitting the equilibrium 

data. The R2values for the adsorption of CV dye onto R. mucronata stem and stem-bark are 

0.9741 and 0.8783 respectively; 0.9912 and 0.8193 for X. moluccensis respective stem and stem-

bark. The R2values for the adsorption of MG dye onto R. mucronata stem and stem-bark are 

0.9765 and 0.9945 respectively; 0.8181 and 0.8054 for X. moluccensis respective stem and stem-

bark. The data R2 values are all significantly large (R2 ≥ 0.8054) thus the adsorption of CV and 

MG dyes follows the Langmuir isotherm model. For the dimensionless parameter RL, the 

adsorption of CV dye is favoured by both stem and stem-bark for the two species with RL values 

of 0.0912 and 0.4462 for R. mucronata stem and stem-bark respectively, 0.1782 and 0.2643 for 

X. moluccensis stem and stem-bark respectively. This evidence is supported by reasonable Qmax 

(mg/g), values which are 5.0089 and 1.1809 for CV dye onto R. mucronata stem and stem-bark 

respectively, 2.5558 and 1.1327 for CV dye onto X. moluccensis  stem and stem-bark 

respectively, 1.8800 and 1.6652 for MG dye onto R. mucronata stem and stem-bark respectively, 

and finally 0.9499 and 0.8728 for MG dye onto X. moluccensis stem and stem-bark respectively. 

In addition, as observed in Table 4.1; the significantly good Langmuir energy constant KL values 

suggests that both the adsorption of CV dye and MG dye onto the stem and stem-bark parts of 

the species are favoured under the described conditions with the sorption of MG dye giving better 

 Langmuir Isotherm 

Adsorbent  CV Dye MG Dye 

qm 

(mg/g) 

KL R2 RL qm 

(mg/g) 

KL R2 RL 

R. mucronata 

stem-bark 

1.1809 1.8978 0.8783 0.4462 1.6652 0.5547 0.9945 1.0826 

R. mucronata 

stem 

5.0089 2.1902 0.9741 0.0912 1.8800 3.1727 0.9765 0.1677 

X. moluccensis 

stem-bark 

1.1327 3.3402 0.9912 0.2643 0.8728 5.0878 0.8054 0.2252 

X. moluccensis 

stem 

2.5558 2.1957 0.8193 0.1782 0.9499 8.0830 0.8181 0.1302 
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values of KL as 0.5547 and 3.1727 for R. mucronata stem and stem-bark respectively; 8.0830 and 

5.0878 for X. moluccensis stem and stem-bark, respectively. This observation can be attributed 

to the variation of molecular structure of the two dyes with CV dye having an extra amine centre 

(Figure 2.6) compared to that of MG dye (Figure 2.7) which could have dictated the adsorption 

properties noted. 

4.5.2 Freundlich Isotherm on CV and MG Adsorption 

A plot of 𝑙𝑜𝑔10𝑞𝑒 against 𝑙𝑜𝑔10𝐶𝑒 is linear with Kf   and η obtained from the intercepts and the 

slope respectively as given in equation 4. The plots in Figures 4.37 to 4.44 illustrates the linear 

form of Freundlich isotherm model. 

 

Figure 4.37: Freundlich Isotherm for CV adsorption onto X. moluccensis stem-bark. 
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Figure 4.38: Freundlich Isotherm for CV adsorption onto X. moluccensis stem. 

 

Figure 4.39: Freundlich Isotherm for CV adsorption onto R. mucronata stem-bark. 
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Figure 4.40: Freundlich Isotherm for CV adsorption onto R. mucronata stem. 

 

Figure 4.41: Freundlich Isotherm for MG adsorption onto X. moluccensis stem-bark. 
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Figure 4.42: Freundlich Isotherm for MG adsorption onto X. moluccensis stem. 

 

Figure 4.43: Freundlich Isotherm for MG adsorption onto R. mucronata stem-bark. 
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Figure 4.44: Freundlich Isotherm for MG adsorption onto R. mucronata stem. 

Table 4.2 summarises the Freundlich isotherm parameters. 

Table 4.2: Freundlich Isotherm Parameters for CV and MG dyes. 

Adsorbent  CV Dye MG Dye 

Kf 

(mg/g) 

n 

(g/L) 

R2 Kf 

(mg/g) 

n 

(g/L) 

R2 

R. mucronata 

stem-bark 

0.6584 -0.5269 0.9930 2.1873 -0.1804 0.9616 

R. mucronata 

stem 

1.3157 -0.3508 0.8308 1.9715 -0.2258 0.9902 

X. moluccensis 

stem-bark 

1.2482 -0.3490 0.9999 1.8642 -0.2363 0.9935 

X. moluccensis 

stem 

1.5213 -0.3173 0.9968 1.7730 -0.2716 0.7885 

 

The Freundlich constant , Kf , gives the extent  of adsorption and the intensity factor, n , gives an 

estimate of the adsorption intensity while  R2 indicates whether the adsorption process positively 

fits the model (Mittal et al., 2007). Despite higher R2 values indicating a favourable adsorption 

process, the data reported gives very low Kf Values in the range of 1.5213; hence Freundlich 

Isotherm model and its assumptions does not significantly influence the process. The negative 

values of the intensity coefficient n show an inverse relationship between Qe and the nth root of 

Ce as defined in equation (3). 
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 Kinetics for Crystal Violet Adsorption 

4.6.1 Pseudo-First Order Kinetics on CV and MG Adsorption 

Appendix A and B gives the raw data used to work out the equilibrium kinetics of the adsorption 

process. The pseudo-first order kinetics (equation 5, page 15) was modelled for CV and MG 

adsorption onto aerial parts of the two species and the results were as illustrated in figure 4.45 to 

4.52. 

 

Figure 4.45: Pseudo-First Order Kinetics for CV adsorption onto X. moluccensis stem-

bark. 
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Figure 4.46: Pseudo-First Order Kinetics for CV adsorption onto X. moluccensis stem. 

 

Figure 4.47: Pseudo-First Order Kinetics for CV adsorption onto R. mucronata stem-

bark. 
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Figure 4.48: Pseudo-First Order Kinetics for CV adsorption onto R. mucronata stem. 

 

Figure 4.49: Pseudo-First Order Kinetics for MG adsorption onto X. moluccensis stem-

bark. 



59 
 

 

Figure 4.50: Pseudo-First Order Kinetics for MG adsorption onto X. moluccensis stem. 

 

Figure 4.51: Pseudo-First Order Kinetics for MG adsorption onto R. mucronata stem-

bark. 



60 
 

 

Figure 4.52: Pseudo-First Order Kinetics for MG adsorption onto R. mucronata stem.  

The results are as summarised in tables 4.3 and 4.4. 

Table 4.3: Pseudo-First Order Kinetics Parameters for CV dye Adsorption. 

CV Dye Adsorption 

Adsorbent Parameters 

qe,exp (mg/g) qe,cal (mg/g) K1 (min-1) R2 

X. moluccensis 

stem-bark 

405.5100 478.1206 0.0947 0.9417 

X. moluccensis 

stem 

401.0820 429.9755 0.0956 0.8788 

 

R. mucronata 

stem-bark 

407.2990 486.6587 0.0815 0.9768 

R. mucronata 

stem 

405.594 464.6685 0.0981 0.9257 

 

Table 4.4: Pseudo-First Order Kinetics Parameters for MG dye Adsorption. 

MG Dye Adsorption 

Adsorbent Parameters 

qe,exp (mg/g) qe,cal (mg/g) K1 (min-1) R2 

X. moluccensis 

stem-bark 

366.8910 394.0804 0.0744 0.9780 

X. moluccensis 

stem 

364.6880 483.3229 0.1076 0.9581 

R. mucronata 

stem-bark 

371.3120 389.3671 0.0679 0.9295 

R. mucronata 

stem 

365.1690 449.5219 0.0988 0.9938 
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As shown in tables 4.3 and 4.4, the experimental equilibrium adsorption capacity, qe,exp (mg/g) 

values differ by a large margin to the calculated equilibrium adsorption capacity, qe,cal (mg/g) 

values and the pseudo-first order adsorption rate constant Kl ,(min-1), values are very low. Hence 

the adsorption of CV and MG dyes sorption onto the species stem and stem-bark generally does 

not infinitely follows Pseudo-First Order kinetics. 

4.6.2 Pseudo-Second Order Kinetics on CV and MG Adsorption 

The pseudo-second order kinetics (equation 6, page 15) was also tested for CV and MG 

adsorption onto stem and stem-bark of the two species as presented in figures 4.53 to 4.60. 

 

Figure 4.53: Pseudo-Second Order Kinetics for CV adsorption onto X. moluccensis 

stem-bark. 
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Figure 4.54: Pseudo-Second Order Kinetics for CV adsorption onto X. moluccensis 

stem.  

 

Figure 4.55: Pseudo-Second Kinetics for CV adsorption onto R. mucronata stem-bark. 
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Figure 4.56: Pseudo-Second Kinetics for CV adsorption onto R. mucronata stem.

 

Figure 4.57: Pseudo-Second Order Kinetics for MG adsorption onto X. moluccensis  

stem-bark. 
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Figure 4.58: Pseudo-Second Order Kinetics for MG adsorption onto X. moluccensis 

stem. 

 

Figure 4.59: Pseudo-Second Order Kinetics for MG adsorption onto X. moluccensis 

stem-bark. 
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Figure 4.60: Pseudo-Second Order Kinetics for MG adsorption onto X. moluccensis 

stem. 

The Pseudo-Second Order Kinetics parameters for CV and MG dyes adsorption onto the two 

species adsorbent materials are shown in the tables 4.5 and 4.6. 

Table 4.5: Pseudo-Second Order Kinetics Parameters for CV Adsorption. 

Crystal Violet (CV) Dye Adsorption 

Adsorbent Parameters 

qe,exp (mg/g) qe,cal (mg/g) K2 (min-1) R2 

X. moluccensis 

stem-bark 

405.5100 416.6667 0.0043 0.9999 

X. moluccensis 

stem 

401.0820 400.0000 0.0124 1.0000 

R. mucronata 

stem-bark 

407.2990 416.6667 0.0033 0.9998 

R. mucronata 

stem 

405.594 400.0000 0.0061 0.9999 
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Table 4.6: Pseudo-Second Order Kinetics Parameters for MG Adsorption. 

Malachite Green (MG) Dye Adsorption 

Adsorbent Parameters 

qe,exp (mg/g) qe,cal (mg/g) K2 (min-1) R2 

X. moluccensis 

stem-bark 

366.8910 370.3704 0.0093 1.0000 

X. moluccensis 

stem 

364.6880 370.3704 0.0028 0.9996 

R. mucronata 

stem-bark 

371.3120 370.3704 0.0121 1.0000 

R. mucronata 

stem 

365.1690 370.3704 0.0039 0.9998 

 

Assessment of the results in Tables 4.5 and 4.6 shows that qe,exp  and qe,cal  (mg/g), are very much 

in agreement with large values for the correlation coefficient R2. This clearly indicates that CV 

and MG dyes adsorption purely follow Pseudo-Second Order Kinetics, an observation that was 

also made by Chakraborty et al., (2012). 

 Intraparticle Diffusion for CV and MG onto X. moluccensis and R. mucronata Species 

Below are plots of qt against √t (equation 7) for the dye adsorption process by the two species as 

derived from values as given in Appendix A and B. A line of best fit has been constructed for 

each graph as a measure of the rate limiting step as illustrated in Figures 4.61 to 4.68. 
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Figure 4.61: Intraparticle Diffusion for CV onto X. moluccensis stem-bark. 

 

Figure 4.62: Intraparticle Diffusion for CV onto X. moluccensis   stem. 
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Figure 4.63: Intraparticle Diffusion for CV onto R. mucronata stem-bark. 

 

Figure 4.64: Intraparticle Diffusion for CV onto R. mucronata stem. 
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Figure 4.65: Intraparticle Diffusion for MG onto X. moluccensis stem-bark. 

 

Figure 4.66: Intraparticle Diffusion for MG onto X. moluccensis stem. 
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Figure 4.67: Intraparticle Diffusion for MG onto R. mucronata stem-bark. 

 

Figure 4.68: Intraparticle Diffusion for MG onto R. mucronata stem. 

The intraparticle diffusion parameters derived from the graphs are summarised in the Table 4.7. 
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Table 4.7: Intraparticle Diffusion Parameters for CV and MG dyes Adsorption.  

Adsorbent  CV Dye MG Dye 

Kdiff 

(mg/g) 

C 

(g/L) 

R2 Kdiff 

(mg/g) 

C 

(g/L) 

R2 

R. mucronata 

stem-bark 

7.3272 355.24 0.9469 1.7692 358.24 0.9783 

R. mucronata 

stem 

4.7258 372.92 0.8610 7.6085 313.23 0.8402 

X. moluccensis 

stem-bark 

6.2964 361.88 0.8690 3.1382 344.81 0.9080 

X. moluccensis 

stem 

1.8738 387.58 0.9770 10.377 294.21 0.8667 

 

The rate of diffusion of adsorbate molecules towards adsorbent surfaces is determined by the 

intraparticle diffusion rate constant, Kdiff, (mg g-1min-1). The Kdiff values in Table 4.7 are all 

significant positive numbers showing a positive rate constant but the curves in Figures 4.61 to 

4.68 shows that intraparticle distance is not the only factor that is controlling the dye adsorption 

process. The large boundary layer thickness as given by values for C, g/L, as shown in Table 4.7, 

for species stem and stem-bark above indicates that adsorption of both dyes is majorly a process 

controlled by intraparticle diffusion.  
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 Surface Characterisation 

4.8.1 X. moluccensis Surface Characterisation 

 Figures 4.69 to 4.74 shows the FT-IR spectrums of the stem and stem-bark of before and after 

adsorption of the dyes. Surface studies was done using a Shimadzu FT-IR Affinity-IF 

spectrometer with a scanning range of 4000 – 600cm-1.  

 

Figure 4.69: FT-IR spectrum of X. moluccensis stem-bark before adsorption. 
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Figure 4.70: FT-IR spectrum of X. moluccensis stem-bark after adsorption of CV. 

 

Figure 4.71: FT-IR spectrum of X. moluccensis stem-bark after adsorption of MG. 
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Table 4.8 compares a summary of the major peaks in the vibrational spectra from Figures 4.69 

to 4.71, for the adsorption of CV and MG onto X. moluccensis stem-bark. 

Table 4.8: Observed Frequencies in the FT-IR spectra for the Adsorption of CV and MG onto 

X. moluccensis stem-bark. 

 Vibrational frequency (cm-1) 

Nature of the 

Sample 

Raw (Fig. 4.69) Used CV (Fig. 4.70) Used MG (Fig. 4.71) 

 3275.13 3307.92 3307.92 

2918.30 2914.44 2918.30 

2850.79   

2349.30 2349.30 2349.30 

 1730.15 1717.15 

1508.33   

 1604.77 1601.89 

1236.37   

1031.92 1031.92 1031.92 

 

The displayed results show some similarity in terms of the main functional groups to those in 

figures 4.69 to 4.71 except, some bonds disappeared and others appeared after adsorption. Peaks 

that disappeared were those at 2850.79 cm-1, 1508.33 cm-1 and 1236.37 cm-1 while peaks that 

appeared after adsorption included those at 1730.15 cm-1 and 1604.77 cm-1. The disappearance 

or appearance of some peaks can be associated to shielding effect and formation of new bonds 

respectively, from the adsorbed dye molecules.  Similarity is witnessed in the consistency of the 

strong broad peak at 3307.92 cm-1 representing the -O-H bond stretch; the peak at 2918.30 cm-1 

for an alkane C – H stretch and that at 1031.92 cm-1 representing C – O – O- bend. The adsorption 

can further be associated to the shifting of the peaks as for 3275.13 cm-1 which shifted to 3307.92 

cm-1 after adsorption of both dyes due to formation of dispersion forces as an interactive property 

of the adsorption process.  

Figures 4.72 to 4.74 gives the FT-IR spectrums of the stem of R. mucronata and X. moluccensis 

before and after adsorption of the CV and MG dyes.  
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Figure 4.72:FT-IR spectrum of X. moluccensis stem before adsorption. 

 

Figure 4.73: FT-IR spectrum of X. moluccensis stem after adsorption of CV. 
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Figure 4.74: FT-IR spectrum of X. moluccensis stem after adsorption of MG.  

Table 4.9, compares a summary of the major peaks in the vibrational spectra from figures 4.72 

to 4.74, for the adsorption of CV and MG onto X. moluccensis stem. 

Table 4.9: Observed Frequencies in the FT-IR Spectra for the Adsorption of CV and MG onto 

X. moluccensis stem. 

 Vibrational frequency (cm-1) 

Nature of the Sample Raw (Fig. 4.72) Used CV (Fig. 4.73) Used MG (Fig. 4.74) 

 3336.85 3298.28 3315.63 
2900.94 2906.73 2900.94 

 2349.30 2349.30 

1734.01   
1593.20   
1506.41 1508.33 1500.00 
1471.69   

1419.61   

1369.46   

1325.10   

 1236.37 1236.37 

1028.06   
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It is observed that quite a number of peaks which were present before process have disappeared. 

Then adsorption being a surface activity may have resulted to overlapping of dye molecules onto 

the stem matrix creating a strong shield hence the disappearance. Some peaks such as 898.83 

cm-1 appeared after, and further proves that adsorption occurred. 

4.8.2 R. mucronata surface characterisation. 

The stem-bark of R. mucronata FT-IR spectra are shown in figures 4.75 to 4.80 taken before and 

after adsorption of the dyes. The FT-IR surface studies was done using a Shimadzu FT-IR 

Affinity-IF spectrometer with a scanning range of 4000 – 600cm-1. 

 

Figure 4.75: FT-IR spectrum of R. mucronata stem-bark before adsorption. 
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Figure 4.76: FT-IR spectrum of R. mucronata stem-bark after adsorption of CV. 

 

Figure 4.77: FT-IR spectrum of R. mucronata stem-bark after adsorption of MG. 
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Table 4.10 compares a summary of the major peaks in the vibrational spectra from figures 4.75 

to 4.80 for the adsorption of CV and MG onto R. mucronata stem-bark. 

Table 4.10: Observed Frequencies in the FT-IR Spectra for the Adsorption of CV and MG onto 

R. mucronata stem-bark. 

 Vibrational frequency (cm-1) 

Nature of the Sample Raw (Fig. 4.75) Used CV (Fig. 4.76) Used MG (Fig. 4.77) 

 3242.34 3298.28 3265.49 

2918.30 2920.23 2916.37 

2216.21 2349.30 2349.30 

1602.85 1616.35 1602.85 

1417.68 1730.15 1717.15 

1508.33 1417.68 1417.68 

1232.51 1244.09 1244.09 

1026.31 1024.13 1024.20 

 

The broad peak at 3242.34 cm-1stretch indicates the presence of an – OH group from a phenol or 

an alcohol. The peak observed at 2918.30 is due to an alkyl C – H stretch while the peak at 

1602.85 cm−1 is characteristic of aromatic C=C bending and  the strong peak at 1026.13 cm−1 is 

due to C-O bending (Muinde et al., 2017). After adsorption, the peaks broaden and a new peak 

is observed at 2349.30 cm-1. The presence of –OH group and the carbonyl indicate a possible 

carboxylic group. Adsorption was also shown by shifting of peaks for example, the peaks at 

2216.21cm-1 shifted to 2349.30 cm-1 in CV and 2349.30 cm-1 in MG. This not only shows that a 

new bond has been created but also predicts the major functional groups on the adsorbent and 

compares cationic nature of the dyes.  

Figures 4.78 to 4.80 shows the FT-IR spectra of the stem of R. mucronata and X. moluccensis 

before and after adsorption of the CV and MG dyes. The scanning range was from 4000 - 600cm-

1.  
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Figure 4.78 : FT-IR spectrum of R. mucronata stem before adsorption. 

 

Figure 4.79: FT-IR spectrum of R. mucronata stem after adsorption of CV. 
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Figure 4.80: FT-IR spectrum of R. mucronata stem after adsorption of MG. 

Table 4.11 below compares the major peaks in the vibrational spectra from figures 4.78 to 4.80 

for the CV and MG sorption onto R. mucronata stem. 

Table 4.11: Observed Frequencies in the FT-IR Spectra for the Adsorption of CV and MG onto 

R. mucronata stem. 

 Vibrational frequency (cm-1) 

Nature of the Sample Raw (Fig. 4.78) Used CV (Fig. 4.79) Used MG (Fig. 4.80) 

 3348.42 3298.28 3321.42 

2941.44 2889.37 2893.22 

 2349.30 2349.30 

1734.01 1734.01 1732.08 

 1595.13 1595.13 

1506.41 1506.41 1506.41 

1456.26 1448.54 1456.26 

1419.26 1373.32 1419.61 

1325.10 1319.31 1319.31 

1232.51 1236.37 1238.30 

1031.92 1157.29 1157.29 

 1107.14 1107.14 

 1031.92 1031.92 

 896.90  
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The results displayed in the table clearly shows that there was presence of the following 

characteristic groups; -O-H representing the strong broad peak stretching at 3348.42cm-1. This 

gives a possible alcoholic intermolecular bond within the structure. This peak also shifted to 

3298.28 cm-1 and 3321.42 cm-1 on adsorption of CV and MG dyes respectively indicating 

intermolecular interactions between adsorptive sites in the adsorbent and dye molecules. A 

stretching C – H bond of alkane at 2941.44 cm-1 and another C – H bending of a methyl group at 

1456.26 cm-1. New bonds created were at 2349.30cm-1, 1595.13 cm-1, 1107.14 cm-1, 1031.92 cm-

1 and 896.90 corresponding to a C=O stretch, C=C stretch, C – O stretch, C – O – O - and a C=C 

bending respectively. These are electron rich regions and since the adsorbate are cationic in 

nature this further indicates a possible adsorption process proceeded as shown by other 

parameters. Bonds that remained unchanged after adsorption include; C=O stretching at 1734.01 

cm-1; an N-O bond stretching at 1506.41cm-1; a C – H stretching at 1456.26 cm-1; and a strong C 

– N bond of an aromatic amine stretching at 1325.10 cm-1.
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CHAPTER FIVE 

5.0 CONCLUSION AND RECOMMENDATIONS 

 Conclusions  

This study has shown the potential of X. moluccensis and R. mucronata stem and stem-bark as 

eco-friendly materials for treatment of wastewaters containing dyes.  The stem-bark was the best 

sorbent material followed by the stem for R. mucronata and X. moluccensis species in that order. 

The respective equilibrium adsorption capacities for CV dye are as follows: X. moluccensis stem 

and stem-bark, 401.082 mg/g and 405.510 mg/g; R. mucronata stem and stem-bark, 405.594 

mg/g and 407.725 mg/g respectively. The respective MG dye equilibrium adsorption capacities 

using the species stem and stem-bark are as follows: X. moluccensis stem and stem-bark, 364.688 

mg/g and 366.414 mg/g respectively; 365.169 mg/g and 371.312 mg/g for R. mucronata stem 

and stem-bark respectively. 

The adsorption capacity for both CV and MG dyes increased with an increase in initial dye 

concentration, contact time, adsorbent dose and decreased with particle sizes of adsorbents. The 

rate of dye adsorption becomes almost constant at equilibrium and notably smaller adsorbent 

particle sizes reached equilibrium time earlier than larger particle sizes.  

Adsorption process was found to be electrostatic due to its dependence on pH and ionic strength 

An increase in ionic strength decreases the adsorption of both CV and MG dyes; at high Ionic 

Strength of 10ml of 1.0M NaCl concentration, R. mucronata stem and stem-bark performed best 

at 286.6 ± 1.06 mg/g; 294.4 ± 0.37 mg/g and 248.6 ± 0.20 mg/g; 272.3 ± 0.22 mg/g against X, 

moluccensis  stem and stem bark at 285.5 ± 0.27 mg/g; 290.3 ± 0.36 mg/g and 252.0 ± 0.88 mg/g; 

273.6 ± 0.13 mg/g equilibrium adsorption capacities for CV and MG dyes respectively showing 

the superior nature of R. mucronata over X. moluccensis species due to its higher adaptation to 

numerous stress conditions such as water logging, high salinity, low nutrition condition, light 
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stress and low oxygen condition, normally found in abundant along the Worlds’ coastal regions. 

CV adsorption onto X. moluccensis and R. mucronata stem and stem-bark was attained at pH 

(7.2 to 8.3) while MG adsorption for both species reached its maximum at a neutral pH 7.0. The 

species R. mucronata is dominant on muddy or waterlogged soils found near the water edge 

inundated by frequent high tides and is therefore more adapted to the hash saline conditions as 

compared to X. moluccensis which is a rare species commonly found in inland areas. 

Large correlation coefficient, R2, values in the range of 0.8054 to 0.9945 shows that the 

equilibrium data for MB fits well to the Langmuir isotherm model. Hence the adsorption of CV 

and MG onto X. moluccensis and R. mucronata stem and stem-bark occurs through monolayer 

formation on the adsorbent.  

The adsorption of CV and MG dyes follows pseudo-second order kinetics implying a 

chemisorption rate controlling step while intraparticle diffusion was not the only rate 

determining step. Hence CV and MG dyes adsorption is a multi-process activity and the rate of 

dye removal from aqueous solution was dependent on electrostatic interactions between dye 

molecules and adsorbent surface functional groups. 

  Recommendations 

1. The surface morphology of X. moluccensis and R. mucronata species should be studied 

to enable description of the adsorption mechanisms controlling the process. 

2. Further studies to be undertaken to investigate the mechanism of CV and MG dye 

sorption and desorption process. 
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APPENDICES 

Appendix A 

Raw Data Used to Evaluate Equilibrium Characteristics of CV adsorption  

X. moluccensis stem-bark 

 

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.597 0.199 0.133 0.095 0.054 0.034 0.026  
B 1.597 0.186 0.126 0.089 0.052 0.03 0.025  
C 1.597 0.169 0.125 0.086 0.048 0.026 0.025 

Abs Average 1.597 0.311 0.126 0.088 0.053 0.032 0.025 

S.D 
  

0.0016 0.0005 0.0015 0.001 0.002 0.0005 

% S.D 
  

0.1633 0.0500 0.1500 0.1000 0.2000 0.0471 

% Abs 
  

80.526 92.142 94.521 96.681 97.996 98.414 

Dye conc. (mg/g) 407.980 79.450 32.061 22.353 13.540 8.175 6.472 

Dye Adsorbed 
 

328.530 375.919 385.627 394.440 399.805 401.508 

Dye Adsorbed, qe-qt (mg/g) 76.980 29.591 19.883 11.070 5.705 4.002 

log qe-qt 
 

   1.8864 1.4712 1.2985 1.0441 0.7563 0.6023 

t/qt (gmin/mg) 
 

0.0152 0.0266 0.0389 0.0507 0.0625 0.0747 

t1/2 
  

2.2361 3.1623 3.873 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.024 0.021 0.018 0.014 0.012 0.012 

   0.024 0.02 0.017 0.012 0.010 0.009 

   0.022 0.018 0.015 0.011 0.009 0.008 

   0.023 0.021 0.018 0.012 0.010 0.009 

   0.0009 0.0005 0.0005 0.0005 0.0005 0.0005 

   0.0943 0.0500 0.0500 0.0500 0.0500 0.0500 

   98.539 98.716 98.904 99.280 99.405 99.468 

   5.961 5.237 4.471 2.938 2.427 2.171 

   402.019 402.743 403.509 405.042 405.553 405.809 

   3.491 2.767 2.001 0.468 -0.043 -0.299 

   0.5429          0.4420 0.3012 -0.3299 0.0000 0.0000 

   0.0871 0.0993 0.1115 0.1234 0.1356 0.1479 

   5.9161 6.3246 6.7082 7.0711 7.4162 7.7460       
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 X. moluccensis stem 

 

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.597 0.385 0.059 0.054 0.047 0.044 0.039  
B 1.597 0.382 0.057 0.052 0.046 0.043 0.038  
C 1.597 0.389 0.055 0.049 0.045 0.041 0.037 

Abs Average 1.597 0.386 0.057 0.053 0.046 0.044 0.038 

S.D 
  

0.0035 0.0016 0.001 0.0008 0.0005 0.0005 

% S.D 
  

0.3500 0.1633 0.1000 0.0817 0.0500 0.0500 

% Abs 
  

75.861 96.431 96.681 97.120 97.276 97.652 

Dye conc. (mg/g) 407.980 16.777 14.562 13.200 11.752 10.901 9.113 

Dye Adsorbed 
 

391.204 393.418 394.780 396.229 397.079 397.888 

Dye Adsorbed, qe-qt (mg/g) 9.879 7.664 6.302 4.854 4.003 3.195 

log qe-qt 
 

 0.9947 0.8844 0.7995 0.6861 0.6024 0.5044 

t/qt (gmin/mg) 
 

0.0128 0.0254 0.0380 0.0505 0.0630 0.0754 

t1/2 
 

 2.2361 3.1622 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.024 0.021 0.018 0.014 0.012 0.012 

   0.024 0.02 0.017 0.012 0.01 0.009 

   0.022 0.018 0.015 0.011 0.009 0.008 

   0.023 0.021 0.018 0.012 0.010 0.009 

   0.0009 0.0005 0.0005 0.0005 0.0005 0.0005 

   0.0943 0.0500 0.0500 0.0500 0.0500 0.0500 

   98.539 98.716 98.904 99.280 99.405 99.468 

   5.961 5.237 4.471 2.938 2.427 2.171 

   402.019 402.743 403.509 405.042 405.553 405.809 

   3.491 2.767 2.001 0.468 -0.043 -0.299 

   0.5429          0.4420 0.3012 -0.3299 0.0000 0.0000 

   0.0871 0.0993 0.1115 0.1234 0.1356 0.1479 

   5.9161 6.3246 6.7082 7.0711 7.4162 7.7460       
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R. mucronata stem-bark 

 

 

 

 

 

 

  

Time (mins)  0 5 10 15 20 25 30 

        

Abs A 1.597 0.150 0.087 0.098 0.075 0.041 0.030  
B 1.597 0.160 0.13 0.108 0.074 0.045 0.031  
C 1.597 0.153 0.149 0.106 0.074 0.047 0.042 

Abs Average 1.597 0.237 0.140 0.104 0.074 0.046 0.031 

S.D 
 

 0.0047 0.0095 0.001 0.0005 0.001 0.0005 

% S.D 
 

 0.4714 0.9500 0.1000 0.0471 0.1000 0.0500 

% Abs 
 

 85.181 91.265 93.488 95.345 97.120 98.090 

Dye conc. (mg/g) 407.980 60.460 35.638 26.569 18.990 11.751 7.792 

Dye Adsorbed  347.520 372.342 381.412 388.990 396.229 400.188 

Dye Adsorbed, qe-qt (mg/g) 59.779 34.957 25.888 18.309 11.070 7.111 

log qe-qt   1.7766 1.5435 1.4131 1.2627 0.852 0.852 

t/qt (gmin/mg)  0.0144 0.0269 0.0393 0.0514 0.0631 0.0750 

t1/2 
  2.2361 3.1623 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.023 0.018 0.014 0.008 0.005 0.002 

   0.024 0.019 0.010 0.008 0.006 0.003 

   0.027 0.014 0.010 0.007 0.004 0.003 

   0.024 0.019 0.010 0.008 0.005 0.003 

   0.0005 0.0005 0.0000 0.0005 0.0008 0.0005 

   0.0500 0.0500 0.0000 0.0471 0.0817 0.0471 

   98.529 98.842 99.374 99.520 99.687 99.833 

   6.003 4.726 2.555 1.959 1.277 0.681 

   401.977 403.254 405.425 406.021 406.703 407.299 

   5.322 4.045 1.874 1.278 0.596 0.000 

   0.726 0.607 0.273 0.106 -0.225 0.000 

   0.0871 0.0992 0.1110 0.1231 0.1352 0.1473 

   5.9161 6.3246 6.7082 7.0711 7.4162 7.7460 
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R. mucronata stem 

 

 

 

 

 

 

  

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.597 0.078 0.074 0.062 0.050 0.047 0.023  
B 1.596 0.136 0.074 0.052 0.044 0.024 0.024  
C 1.594 0.162 0.079 0.052 0.040 0.022 0.020 

Abs Average 1.596 0.125 0.076 0.055 0.045 0.031 0.022 

S.D 
 

0.0012 0.0016 0.0000 0.0000 0.0020 0.0000 0.0005 

% S.D 
 

0.1247 0.1633 0.0000 0.0000 0.2000 0.0000 0.0500 

% Abs 
 

 85.209 95.362 96.741 97.368 98.496 98.527 

Dye conc. (mg/g) 407.980 60.340 18.920 13.295 10.739 6.136 6.008 

Dye Adsorbed  347.640 389.060 394.685 397.241 401.844 401.972 

Dye Adsorbed, qe-qt (mg/g) 57.954 16.534 10.909 8.353 3.750 3.622 

log qe-qt   1.763 1.218 1.038 0.922 0.574 0.559 

t/qt (gmin/mg)  0.0144 0.0257 0.0380 0.0503 0.0622 0.0746 

t1/2 
  2.2361 3.1623 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.02 0.016 0.015 0.013 0.009 0.010 

   0.021 0.017 0.014 0.011 0.010 0.010 

   0.022 0.014 0.014 0.011 0.010 0.008 

   0.021 0.017 0.014 0.011 0.001 0.010 

   0.0008 0.0005 0.0005 0.0000 0.0005 0.0000 

   0.0817 0.0500 0.0471 0.0000 0.0471 0.0000 

   98.684 98.966 99.102 99.311 99.394 99.373 

   5.369 4.219 3.665 2.812 2.472 2.557 

   402.610 403.761 404.315 405.168 405.508 405.423 

   2.983 1.833 1.279 0.426 0.086 0.171 

   0.475 0.263 0.107 -0.370 -1.068 -0.768 

   0.0869 0.0991 0.1113 0.1234 0.1356 0.1480 

   5.9161 6.3246 6.7082 7.0711 7.4162 7.7460 
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Appendix B 

Raw Data used to Evaluate Equilibrium Characteristics of MG Adsorption  

Xylocarpus moluccensis stem-bark 

 

 

 

 

  

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.651 0.104 0.078 0.073 0.071 0.059 0.034  
B 1.654 0.116 0.106 0.068 0.063 0.034 0.028  
C 1.654 0.083 0.052 0.037 0.033 0.034 0.030 

Abs Average 1.653 0.101 0.079 0.059 0.056 0.042 0.029 

S.D 
 

0.0014 0.0057 0.0221 0.0159 0.0040 0.0000 0.0010 

% S.D 
 

0.1414 0.5735 2.2050 1.5923 0.4000 0.0000 0.1000 

% Abs 
 

 87.900 95.241 95.735 95.947 97.943 98.246 

Dye conc. (mg/g) 371.612 44.962 17.685 15.849 15.062 7.644 6.5195 

Dye Adsorbed  326.650 353.927 355.763 356.550 363.968 365.093 

Dye Adsorbed, qe-qt (mg/g) 40.241 12.964 11.128 10.341 2.923 1.799 

log qe-qt   1.6047 1.1127 1.0464 1.0146 0.4658 0.2549 

t/qt (gmin/mg)  0.0153 0.0283 0.0422 0.0561 0.0687 0.0822 

t1/2 
  2.2360 3.1623 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.029 0.030 0.029 0.024 0.022 0.020 

   0.030 0.026 0.025 0.025 0.024 0.022 

   0.026 0.025 0.025 0.025 0.022 0.021 

   0.030 0.026 0.025 0.025 0.023 0.021 

   0.0005 0.0005 0.0000 0.0005 0.0009 0.0008 

   0.0500 0.0500 0.0000 0.0471 0.0943 0.0817 

   98.215 98.457 98.487 98.508 98.629 98.730 

   6.632 5.733 5.620 5.545 5.096 4.721 

   364.980 365.879 365.992 366.067 366.516 366.891 

   1.911 1.012 0.899 0.824 0.375 0.000 

   0.2812 0.0050 -0.0461 -0.0839 -0.4263 0.0000 

   0.0959 0.1093 0.1230 0.1366 0.1501 0.1635 

   5.9161 6.3246 6.7082 7.0711 7.4162 7.7460 
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X. moluccensis stem 

 

 

 

 

 

 

 

  

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.664 0.408 0.232 0.180 0.118 0.084 0.072  
B 1.664 0.409 0.226 0.160 0.108 0.083 0.06  
C 1.663 0.407 0.215 0.135 0.095 0.081 0.021 

Abs Average 1.664 0.408 0.224 0.170 0.107 0.084 0.066 

S.D 
 

 0.0008 0.0070 0.0100 0.0094 0.0005 0.0060 

% S.D 
 

 0.0817 0.7040 1.0000 0.9416 0.0500 0.6000 

% Abs 
 

 75.476 86.516 89.782 93.568 94.981 96.033 

Dye conc. (mg/g) 371.612 91.135 50.109 37.973 23.901 18.651 14.742 

Dye Adsorbed  280.477 321.503 333.639 347.712 352.961 356.870 

Dye Adsorbed, qe-qt (mg/g) 84.210 43.185 31.049 16.977 11.727 7.818 

log qe-qt   1.925 1.635 1.492 1.230 1.069 0.893 

t/qt (gmin/mg)  0.0178 0.0311 0.0450 0.0575 0.0708 0.0841 

t1/2 
  2.2361 3.1623 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.039 0.036 0.032 0.032 0.032 0.031 

   0.040 0.036 0.034 0.034 0.033 0.032 

   0.040 0.036 0.034 0.034 0.032 0.030 

   0.040 0.036 0.033 0.033 0.032 0.031 

   0.0005 0.0000 0.0009 0.0009 0.0005 0.0008 

   0.04714 0.0000 0.0943 0.0943 0.0471 0.0817 

   97.616 97.836 97.996 97.996 98.057 98.137 

   8.860 8.041 7.446 7.446 7.222 6.924 

   362.752 363.571 364.166 364.166 364.390 364.688 

   1.936 1.117 0.522 0.522 0.298 0.000 

   0.2870 0.0482 -0.2826 -0.2826 -0.5254 -3.3508 

   0.0965 0.1100 0.1236 0.1373 0.1509 0.1645 

   5.9160 6.3246 6.7082 7.0711 7.4162 7.7460 

         



100 
 

R. mucronata stem-bark 

 

 

 

 

 

 

 

  

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.649 0.043 0.040 0.029 0.022 0.022 0.018  
B 1.651 0.056 0.036 0.026 0.024 0.022 0.020  
C 1.650 0.036 0.031 0.022 0.020 0.015 0.016 

Abs Average 1.650 0.045 0.036 0.026 0.022 0.020 0.018 

S.D 
 

 0.0008 0.0037 0.0015 0.0000 0.0000 0.0016 

% S.D 
 

 0.0817 0.3682 0.1500 0.0000 0.0000 0.1633 

% Abs   97.273 97.838 98.444 98.667 98.808 98.909 

Dye conc. (mg/g) 371.612 36.260 8.033 6.194 4.730 4.429 4.054 

Dye Adsorbed 0 335.352 363.579 365.419 366.882 367.183 367.558 

Dye Adsorbed, qe-qt (mg/g) 35.960 7.732825 5.894 4.430 4.129 3.754 

log qe-qt   1.556 0.888 0.770 0.646 0.616 0.574 

t/qt (gmin/mg)  0.0149 0.0275 0.0410 0.0545 0.0681 0.0816 

t1/2 
  2.2361 3.1623 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.013 0.008 0.006 0.003 0.001 0.001 

   0.014 0.010 0.009 0.005 0.005 0.002 

   0.008 0.006 0.003 0.001 0.002 0.001 

   0.012 0.008 0.006 0.003 0.003 0.001 

   99.293 99.515 99.636 99.818 99.838 99.919 

   0.0005 0.0016 0.0024 0.0016 0.0005 0.0005 

   0.0500 0.1633 0.2449 0.1633 0.0500 0.0471 

   3.040 1.802 1.689 0.676 0.338 0.300 

   368.572 369.810 369.923 370.936 371.274 371.312 

   2.740 1.502 1.389 0.376 0.038 0.000 

   0.4378 0.1765 0.1427 -0.4252 -1.4221 0.0000 

   0.0950 0.1082 0.1216 0.1348 0.1481 0.1616 

   5.9160 6.3246 6.7082 7.0711 7.4162 7.7460 

         



101 
 

R. mucronata stem 

 

 

 

 

Time (mins)  0 5 10 15 20 25 30 

Abs A 1.653 0.091 0.209 0.113 0.083 0.067 0.055  
B 1.654 0.311 0.148 0.106 0.080 0.067 0.051  
C 1.653 0.312 0.120 0.105 0.068 0.069 0.052 

Abs Average 1.653 0.238 0.159 0.108 0.077 0.067 0.053 

S.D 
 

 0.0005 0.0140 0.0005 0.0065 0.0009 0.0005 

% S.D 
 

 0.0471 1.4000 0.0500 0.6481 0.0943 0.0500 

% Abs 
 

 85.605 90.383 93.468 95.343 95.907 96.815 

Dye conc. (mg/g) 371.612 72.225 30.119 23.713 18.318 15.209 11.575 

Dye Adsorbed  299.387 341.493 347.899 353.294 356.403 360.037 

Dye Adsorbed, qe-qt (mg/g) 65.782 23.676 17.270 11.875 8.766 5.132 

log qe-qt   1.8181 1.3743 1.2373 1.0746 0.9428 0.7103 

t/qt (gmin/mg)  0.0167 0.0292 0.0431 0.0566 0.0701 0.0833 

t1/2 
  2.2361 3.1623 3.8730 4.4721 5.0000 5.4772 

  

   35 40 45 50 55 60 

   0.045 0.034 0.034 0.031 0.032 0.028 

   0.042 0.033 0.030 0.029 0.028 0.028 

   0.038 0.040 0.036 0.034 0.030 0.030 

   0.042 0.036 0.033 0.031 0.030 0.029 

   0.0029 0.0005 0.0010 0.0021 0.0016 0.0009 

   0.2867 0.0500 0.1000 0.2055 0.1633 0.0943 

   97.480 97.843 97.984 98.105 98.185 98.267 

   9.365 7.530 6.968 6.743 6.743 6.443 

   362.247 364.082 364.644 364.869 364.869 365.169 

   2.922 1.087 0.525 0.300 0.300 0.000 

   0.4657 0.0361 -0.2801 -0.5229 -0.5229 -3.5645 

   0.0966 0.1099 0.1234 0.1370 0.1507 0.1643 

   5.9160 6.3246 6.7082 7.0711 7.4162 7.7460 

         


