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NOMENCLATURE
C

metal concentration in the liquid phase at time t (mol/m3)

C1

concentrations of component 1 in the liquid phase at time t (mol/m3)

C2

concentrations of component 2 in the liquid phase at time t (mol/m3)

C0

initial metal concentration in the liquid phase (mol/m3)
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Ce
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metal adsorbed by biomass at time t (mol/kg)

Cs1

amount of component 1 adsorbed by sorbent at time t (mol/kg)

Cs2

amount of component 2 adsorbed by sorbent at time t (mol/kg)

Cse

concentration of metal adsorbed on sorbent at equilibrium (mol/kg)

Ctracer

tracer concentration in the liquid phase at time t (mol/m3)

Dz

axial dispersion coefficient (m2/s)

d

diameter of the reactor (m)

K

equilibrium constant or ratio of adsorption to desorption rate coefficients (m3/mol)

ka

adsorption rate coefficient (l/mg·s)

ka1

adsorption rate coefficient of component 1 (m3/mol·s)

ka2

adsorption rate coefficient of component 2 (m3/mol·s)

kd

desorption rate coefficient (s-1)

kd1

desorption rate coefficient of component 1 (m3/mol·s)

kd2

desorption rate coefficient of component 2 (m3/mol·s)
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L

length of the whole reactor system (m)

L1

length of the first reactor (m)

L2

length of the second reactor (m)

Q

feed rate(m3/s)

ra1

adsorption rate of component 1 (m3/mol·s)

ra2

adsorption rate of component 2 (m3/mol·s)

rd1

desorption rate of component 1 (m3/mol·s)

rd2

desorption rate of component 2 (m3/mol·s)

S0

total binding sites or maximum metal adsorption capacity of sorbent (mol/kg)

S

total amount of sorbent (kg)

t

time (s)

tf1

operation lifetime for the removal of component 1 (h)

tf2

operation lifetime for the removal of component 2 (h)

tfs

system lifetime (h)

u

interstitial flow velocity (m/s)

V

volume of the reactor (m3)

z

axial position (m)

α

ratio of the binding sites for component 1 to the total binding sites

ɛ

sorbent bed porosity

ρ

density of sorbent (kg/m3)

σ

net surface charge density (C/m2)
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ABSTRACT

Removal of various soluble metallic impurities from wastewater in semiconductor fabrication plants
(fabs) is a critical issue facing the microelectronics industry. Considering the large volume of wastewater
and a highly variable concentration of these contaminants, finding a robust adsorption process using a
low-cost sorbent is of great value and interest to this industry. Of particular interest is the development of
a flow-through abatement method for treating the process-tool effluent before it is mixed with other
wastewaters. In this work, a strain of freshwater green algae (Chlorella sorokiniana), representing an
algae-based sorbent, and a simulated wastewater, containing soluble gallium as the metallic impurity, are
used as model compounds. The choice of gallium is based on its increased use, and the lack of related
adsorption data compared to the information available for other metals such as copper and arsenic. Both
batch and continuous flow operations were used in this study. Comprehensive process models were
developed and validated for both batch and flow systems. These models were found to be valuable for
understanding the process steps as well as for obtaining the fundamental parameters that are needed for
process design and scale-up. The sorbent was found to have high adsorption capacity even at low pH
values (14.1 mg/g at pH of 2.3, and 38.5 mg/g at pH of 2.8). Based on the comparison of adsorption rate
and capacity with data on previously studied and conventional sorbents, such as activated carbon and ionexchange resins, the use of this algae-based sorbent is potentially an attractive option for the removal of
gallium from the process-tool wastewater.
The semiconductor fab wastewater often contains differently charged metal ions to be removed. Due
to their adsorption different responses to pH trends and variations, the best way to handle the adsorption
treatment of the complex multicomponent wastes is by using a two-stage configuration where the two
stages of the system are operated at two different pH. In this and other similar multicomponent processes,
the adsorption of each component affects that of others through competition for surface sites, surface
charge, and the effects of pH and ionic species in the liquid phase. Process models are developed to
simulate the process kinetics and reactor configurations. The results show that the modeling and
parametric study are powerful methods for the design of new systems as well as for the optimization of
operation in existing systems. Comparisons of different reactor configurations shows that a two-stage
fixed-bed reactor system is an effective system for the combined removal of gallium and arsenic species
as well as other vastly different ionic impurities.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

The presence of metallic compounds in semiconductor fabrication plants (fabs) wastewater and the
potential toxicity of these compounds are of major concern to semiconductor industry, motivating the
search for a robust and cost-effective abatement method. The range of concentration for these
contaminants varies depending on the product line at any particular site. It also varies at each site due to
the transient nature of semiconductor fabrication processes. The most prevalent metallic impurity is
copper; but the introduction of new III-V compounds such as gallium arsenide has led to concern about
the presence of gallium and arsenic in the fab wastewater. While arsenic abatement has been the subject
of many studies (Dadwal and Mishra, 2016), there is essentially very little information on the fate of
gallium in wastewater. At pH lower than 3, which is the focus of this study, gallium is highly soluble and
is present in solution as several positively charged species: Ga3+, Ga(OH)2+ and Ga(OH)2+ (Fig. 1). As pH
increases to around pH 4, the solubility decreases to its lowest point. Then the solubility increases with
the increase of pH and gallium is present as Ga(OH)4- (Bi and Westerhoff 2016).

Fig. 1 Solubility and speciation of Ga(III) as a function of pH (Bi and Westerhoff 2016)
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1.1 Methods for metal removal
The focus of this study is on developing an abatement method for treating the contaminated water
exiting a specific process step before it is diluted and mixed with other wastes. While mixing and central
treatment of mix wastes from fab processes have been the conventional practice due to the ease of
collections, some classification and segregated collection is now pursed for modern fabs due to increasing
complexity of wastes and also interest in the potential recovery and reuse of certain materials.
Chemical precipitation, electrochemical treatment, ﬁltration, ion exchange, membrane technologies,
and adsorption on activated carbon are common conventional methods for removal of heavy metals from
aqueous solution. However, when dealing with effluents with metal ion concentration among 1 to 100
mg/L, chemical precipitation, and electrochemical treatment appear to be ineffective. Due to the addition
of chemicals during the processes, a large quantity of sludge is also generated, which leads to increased
cost. Even though ion exchange, membrane technologies, and activated carbon adsorption process are
able to remove metals from aqueous waste to ppb levels and treat a large amount of water, they can be
extremely expensive and are not desired for large scale treatment. Moreover, ion exchange is nonselective and is highly sensitive to pH of the solution (Aksu et al., 1992 and Wilke et al., 2006).
Removal by adsorption, using inexpensive bio-sorbents, is potentially a suitable alternative
technology for this application. However, the key adsorption properties, such as the removal rate and
capacity, for capturing metals like gallium, particularly at low pH, which are the characteristics of the
intended application, have not been reported and require a systematic study.

1.2 Biosorbents
Biosorbents are capable of sequestering heavy metals and can decrease the metal concentration level
from ppm to ppb. They possess the advantages of high efficiency and low cost which makes biosorption a
promising candidate for the treatment of wastewaters with high volume and low concentration metal ions
(Wilke et al., 2006).
The bio-sorbents typically include algae, fungi, bacteria, and agricultural waste. As photoautotroph
microorganisms, algae only require CO2 for growth whereas fungi and bacteria require an additional
carbon source. The source of CO2 can be atmospheric; but a more concentrated source such as flue gas
may also be applicable. Hence, algae have the added environmental benefit in reducing atmospheric
carbon dioxide. The limited previous work on the adsorption of gallium on algae, have used live algae
(Banerjee et al., 2003 and Vetrivel et al., 2017). The present study is focused on dead algae which is more
practical and acceptable in the fab environment and requirements since the sorbent is not affected by the
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toxicity of waste ingredients and does not require growth nutrients which are costly and add additional
complexity to the process
There are generally three groups of algae: brown, green, and red algae. One research study compared
the average sorption efficiencies of 37 different algal species (20 brown algae, 9 red algae, 8 green algae)
for a variety of metal ions like Cu, Cd, and Pb. They found that the brown algae or seaweed, removed
more of these ions than the green algae and the red algae (Romera et al., 2006). However, brown algae are
challenging to grow; they require large ponds and must attach to surfaces. Green micro algae are also
grown in ponds but they grow to higher concentrations than brown algae and are maintained in a liquid
media. They can be grown in closed bioreactors under controlled conditions. Recently, both green and red
algae and biopolymers-based sorbents have received increasing attention (He and Chen, 2014) for
removal of metal ions.
Algal cell walls contain mainly cellulose and some proteins bonded to polysaccharides (Romera et
al., 2007). The cell walls play a key role in the removal of heavy metals from aqueous solutions (Das et
al., 2008 and Jones et al., 2015). The difference in the cell wall composition of different types of algae is
responsible for the variation in the type and the amount of metal ions binding to the cell wall. Typically
the cell walls are rich in functional groups such as carboxyls, amines, hydroxyls, phosphates, imidazoles,
sulfhydryls, and sulfates (Crist et al., 1981). TABLE 1 summarizes the applications of various of algae in
removing elements next to gallium and indium in the Periodic Table which have similar properties,
indicates that algae may have the ability to remove gallium or indium.
Green algae, chlorella sorokiniana, is a freshwater microalgae, identified as one of the fastest
growing and most productive strains among many types that were screened in a recent Department of
Energy National Alliance for Advanced Biofuels and Bioproducts (NAABB) consortium project
(Neofotis et al. 2016; Lammers et al. 2017; Unkefer et al. 2017). This type of algae is known to be a safe
source of animal food. Furthermore, its large-scale outdoor cultivation has been investigated and
developed (Huesemann et al., 2017 and Lammers et al., 2017).
Many researchers have employed a variety of pre-treatments on biomass. But the results are not
always positive. A decrease in adsorption capacity has occurred as well. Besides, the improvement
compared with the cost may not be worthwhile (Wilke et al., 2006).

1.3 Factors affecting biosorption
There are many factors that affect the biosorption processes. The major factors are: 1) initial metal
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TABLE 1 Summary of the biosorption capacities of Al, Cd, Zn using different algae in
different conditions (Schmitt et al., 2001; Aksu,2001; Holan et al., 1993; Matheickal et al., 1999)
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ion concentration, 2) biomass dosage, 3) temperature, and 4) pH.
Higher initial concentration usually enhances sorption if the amount of biomass is kept constant. On
the contrary, the biosorption capacity is inversely proportional to the biomass dosage as the initial
concentration of metal ions remained unchanged. The sorption site interactions will be increased along
with increasing biomass dosage. When the biomass concentration is low, metal ions in the solution would
not only be adsorbed to the surface of the biosorbents but also enter the intracellular part by facilitating
the concentration gradient of metal ions (Wang and Chen,2006).
Temperature seems to influence biosorption of metal ions only to a limited extent under a certain
range. Increasing temperatures leads to higher uptake rate of the metal ion due to the increased surface
activity and kinetic energy of the solute. However, higher temperatures can cause physical damage to the
biosorbents. Some adsorption processes are exothermic, which means reduced biosorption capacity of the
biomass can be expected. Moreover, biosorption is not desirable to be operated at high temperature due to
the additional operational cost (Wang and Chen, 2006). Therefore, biosorption is usually conducted at
room temperature for easier replication. It is reported that no great change was found in the adsorptive
capacity of copper (II) by C. vulgaris and Z. ramigera within the range of 20–35°C (Aksu et al., 1992).
However, pH seems to be the most important environmental parameter in the biosorption processes.
It affects not only the site dissociation of the biomass surface but also the solution chemistry of the heavy
metals: hydrolysis, complexation by organic and/or inorganic ligands, redox reactions, precipitation, the
speciation and the biosorption availability of the heavy metals (Friis and Myers-Keith, 1986 and
Salehizadeh and Shojaosadati, 2003).
Generally, the interaction of anions with binding sites is enhanced at low pH because the surface of
biomass is protonated and the approach of cations is restricted. As the pH increases, the protons are
released from the biosorbent surface, thus the overall surface charge becomes negative gradually which
results in a decrease in the interaction with anions and increases the biosorption capacity of cations.

1.4 Process modeling
One of the tools needed to evaluate the feasibility of the biosorption processes is comprehensive
process models to simulate the adsorption process in both batch and flow configurations. These models
are essential for data analysis to extract the fundamental kinetic and thermodynamic properties of the
sorbents and the adsorption process. They are also needed for process design, scale-up, and optimization.
Although several empirical or simplified models have been used in the past (Vijayaraghavan and Yun,
2008 and Kafshgari et al., 2013), they have been generally based on various assumptions and
simplifications that are not applicable to biosorption processes. For example, usually, local equilibrium
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has been assumed and dispersion effects in adsorption media have been neglected. These assumptions are
not justified in biosorption processes.

1.4.1 Single-component system
1.4.1.1 Equilibrium models
Adsorption equilibrium can usually be described by fitting the experimental data to empirical
models. The Langmuir and Freundlich models are most commonly used for describing isothermal
biosorption. The Langmuir model assumes that the sorption takes place onto a homogeneous surface of
the sorbent and a monolayer sorption occurs on the surface. It has been successfully applied to describe
many adsorption processes to evaluate the maximum adsorption capacity of a sorbate on a sorbent.
The model can be expressed as:
Cse =

S0 KCe

(1)

1+KCe

where Cse (L/mg) is the amount of metals adsorbed on the sorbent at equilibrium, Ce (mg/L) is the
equilibrium concentration in the liquid phase, S0 (L/mg) is the maximum metal adsorption capacity of
biomass and K (L/mg) is the ratio of adsorption and desorption rates.
The Freundlich isotherm can be represented as:
1

Cse = K f Ce n

(2)

where Kf is a biosorption equilibrium constant, representative of the uptake capacity and n is a constant
indicative of biosorption intensity. Most equilibrium isotherms were successfully described by the
Langmuir model (Das et al., 2008 and He and Chen, 2014).

1.4.1.2 Dynamic batch models
Over 25 models have been reported in the literature, all of which have attempted to quantitatively
describe the kinetic behavior during the adsorption process (Vijayaraghavan and Yun, 2008). Each
adsorption kinetic model has its own limitations, which are derived according to specific experimental
and theoretical assumptions. Even though those assumptions are not valid in reality, many adsorption
models have been used to successfully test experimental biosorption data. Of these, pseudo-first and second order models have often been used to describe biosorption kinetic data.
Pseudo-first order model:
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qt = qe (1 − exp(−k1 t))

(3)

Pseudo-second order model:
qt = qe (1 −

1
)
1+qe k2 t

(4)

where qe (mg/g) is the amount of solute sorbed at equilibrium; qt (min−1) the amount of solute sorbed at
time t (mg/g); k1 the first order equilibrium rate constant and k2 (g/mg-min) the second order equilibrium
rate constant.
In most published cases involving biosorption, the pseudo-first-order equation was found to not fit
well over the entire contact time range, but was generally applicable over the initial periods of the
sorption process. This is mainly due to the use of the linearized form of pseudo-first order model, which
requires previous knowledge of the equilibrium sorption capacity (qe). Therefore, a means of
extrapolating the experimental data to t=∞, or treating qe as an adjustable parameter, has to be employed
and solved for by trial and error. Conversely, there is no prior need to know qe for solving the linear form
of a pseudo-second-order equation. It is also based on the sorption capacity of the solid phase, which
predicts the behavior over the entire study range, with a chemisorption mechanism being the rate
controlling step. The pseudo-second-order equation is able to describe almost all kinetic data originating
from metal/dye interactions with biomaterials. Also, it should again be stressed that the use of the
nonlinear form of equations may avoid this error in kinetic modeling.

1.4.1.3 Continuous-flow sorption column system
The packed bed adsorption has a number of advantages: simple operation, high yield and easily
scaled up from a laboratory-scale procedure. The stages in the separation protocol can also be automated
and high degrees of purification can often be achieved in a single step process.
Most separation and purification processes that employ sorption technology use continuous-flow
columns. This operating mode ensures the highest possible concentration difference driving force.
Starting at the inlet, the saturated solid sorbent zone gradually extends throughout the column, the sorbate
eventually breaking through the column. The breakthrough curves typically s-shaped. The shape and
slope are the result of the equilibrium sorption isotherm relationship, the mass transfer to and throughout
the sorbent in the column, and operation macroscopic fluid-flow parameters, such as axial mixing,
affecting the deviation from ideal plug flow.
The breakthrough time represents the duration of ongoing sorption until a pre-defined exit threshold
sorbate concentration is reached. Any optimized column system is based on the accurate prediction of the
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breakthrough time under a given specific set of operating conditions. When the sorbate concentration in
the effluent stream reaches a pre-defined level, the column operation is terminated. At this point, the
regeneration process may begin before activation for the next cycle of operation.
Kafshgari et.al. used marine algae Cystoseria indica pretreated with 0.1M CaCl2 solution in a packed
bed column for molybdenum (VI) biosorption (Kafshgari et al., 2013). They applied Thomas, YoonNelson, Belter, and Yan models to the experimental data obtained from the biosorption of Mo (VI) ion
onto C. indica, which can be written respectively as:
C
C0

=

1

C
C0

=

C
C0

= 1 −

C
C0

=

(5)

k q M
1+exp( Th 0 − KTh C0 t)
0.0001∗Q

1
1+exp(KYN τ− KYN t)

(6)

1

(7)

a
0.001∗C0 ∗Q
1+((
) ∗ t)
q0 ∗M

1
(1 +
2

erf [

t−t0
])
√2σt0

(8)

where KTh is the Thomas rate constant (l/min. mg), q0 is the maximum uptake capacity (mg/g), M is the
amount of adsorbent in the column (g), C0 is the influent metal ion concentration (mg L-1), C is the
effluent metal ion concentration (mg/L), Q is the flow rate. KYN is the Yoon-Nelson rate constant (1/min),
τ is the time required for 50% adsorbate breakthrough (min), t is the flow time (min) and “a” is the
constant of the Yan model, σ is the standard deviation of the linear part of the breakthrough curve in the
Belter model.
The Thomas model assumes the second-order reversible reaction kinetics and a Langmuir isotherm.
Theoretically, it is suitable to estimate the adsorption process where external and internal diffusion
resistances are extremely small.
The Yoon-Nelson model is extremely concise in form, supposing that the decrease in the probability
of each adsorbate to be adsorbed is proportional to the probability of its adsorption and breakthrough on
the adsorbent.
The Yan model is a modified dose–response model which overcomes the drawback in the Thomas
Model especially its serious deficiency in predicting the effluent concentration at time zero.
The Belter model was capable of modeling only symmetric curves employing two parameters, σ and
t, empirically correlated with the process factors.

22

Among these models, the Belter model appeared to describe the experimental results better for
adsorption of Mo on biomass.
1.4.2 Multi-component system
Development of robust and efficient methods for the on-site removal gallium and arsenic ions from
wastewater in fabs is considered a high-priority research area for the electronics industry. These impurity
compounds need to be removed from wastewater before its discharge or recovery/reuse. Therefore, there
is a need for treatment methods and systems that would be suitable for on-site operation and handling of
wastewater from processes that handle gallium and arsenic compounds.
The wastewaters from high technology manufacturing, such semiconductor fabs, are generally less
complicated than most other forms of wastewater. For example, waste streams from wafer polishing
processes are well characterized and contain on the average about 2000 mg/l dissolved arsenic (Torrance
et al., 2010), compared to typical industrial wastewaters that usually contain a wide verity of
contaminants at much higher concentrations. This presents an opportunity to develop efficient systems
that are tuned for selective removal of targeted impurities from fab wastewater. However, these systems
need to be robust, small in footprints, and possibly transfer impurities from a highly dilute phase to a
concentrated form that can be hauled away to off-site facilities for large-scale treatment, recovery, and
disposal.
The dynamic properties, the sorbent capacity, and the optimum operating conditions of multicomponent adsorption are generally less understood and more complicated than those of single
component adsorption due to differences in charge, size, and chemical properties of various ions. For
example, the adsorption of one component could inhibit the adsorption of another or possibly even
reverse the capture of a compound by replacing what is already adsorbed on the surface. These issues
present additional challenges in the choice of proper sorbent, the design of the system configuration, and
the optimization of operating conditions for the adsorption vessels (called reactors in this study). More
specifically, the combined removal of Ga and As is challenging due to the large differences in the
properties of these two ions, including mass and charge.
In most previous studies of adsorption systems single-component isotherm models have been used to
analyze multi-component systems. For example, the extended Langmuir equation (Pagnanelli et al., 2002)
is one such model, which has been widely employed for multi-component adsorption.
Cse,i =

S0,i Ki Ce,i

(9)

1+∑n
i=1 Ki Ce,i

23

This model assumes a constant energy of sorption, no interaction between components and equal
competition between species for the sorption sites, which violate the fundamental assumptions since
sorbate interactions tend to occur in multi-component systems. Examples of mechanistic modeling of
multi-component can also be found in literature (Chong and Volesky, 1995; Fowle and Fein, 1999).
However, in these studies only positively charged ions with limited competition on the sorbent surface
were considered.
Choosing the suitable reactor type is an important aspect of development and design of an adsorption
system. Once a sorbent is selected and the operating conditions are optimized at the laboratory scale, the
challenge is in the scale-up to larger reactors for treating large volumes of wastewater in a cost-effective
manner. Finding the optimum level of mixing in these systems is key to a successful process design,
particularly when the complexities of adsorption are combined with the application of Continuous Stirred
Tank Reactors (CSTRs) and Fixed-Bed Reactors (FBRs) systems (Bai and Abraham, 2005; Chen et al.,
2005; Rao, 2013).
The objective of this research has been to study the feasibility of using algae for metallic impurity
removal from simulated wastewater, understand the dynamics of both single gallium adsorption and
combined adsorption of gallium and arsenic, determine the key kinetics and thermodynamic properties
needed for process design, suggest a system configuration for this multi-component adsorption, and
develop a generic model useful for reactor design, parametric studies and evaluating the options on the
system configuration and its operating conditions. (Torrance et al., 2010) (Li et al., 2018) (Pagnanelli et
al., 2002)
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CHAPTER 2
ADSORPTION PROCESS MODELING

2.1 Single-component system
2.1.1 Equilibrium and isotherm model
The shape of the isotherm, measured in the batch equilibrium experiments, indicates that the
adsorption/desorption kinetics and the isotherm are what is commonly called type 1. The equation for this
type of isotherm is typically expressed as:
Cse =

S0 KCe
1+KCe

(10)

where Cse (mol/kg) is the amount of metals adsorbed on the sorbent at equilibrium, Ce (mol/m3) is the
equilibrium concentration in the liquid phase, S0 (mol/kg) is the total available binding sites or maximum
metal adsorption capacity of biomass, and K (m3/mol) is the equilibrium constant or the ratio of
adsorption to desorption rate coefficients.
The following linearized form of Eq. (10) is fitted to the equilibrium batch experimental data to
obtain the values of S0 and K.
Ce
Cse

=

Ce
S0

+

1
KS0

(11)

Cse was calculated using the following equation with measured C0 and Ce:
Cse =

(C0 −Ce )V
S

(12)

where C0 (mol/ m3) is the initial metal concentration in the liquid phase, V (m3) is the total volume, S (kg)
is the total amount of biomass.

2.1.2 Dynamic and batch model
The results of the dynamic batch experiments are used to determine the adsorption and desorption
fundamental kinetic parameters. The mass balance for the batch experiments is as follows:
−V

∂C
∂t

Cs =

(13)

= S[k a C(S0 − Cs ) − k d Cs ]

(C0 −C)V
S

(14)
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where t(s) is time, C (mol/ m3) is the metal concentration in the liquid phase at time t, Cs (mol/kg) is the
metal adsorbed by biomass at time t, ka (m3/mol·s) is the adsorption rate constant, and kd (s-1) is the
desorption rate constant. The rate expressions used for adsorption and desorption are those corresponding
to the type 1 isotherm, given by Eq. (10), and observed in the batch experiments. The initial condition for
Eq. (13) is:
t = 0,

(15)

C(0) = C0

The mass balance differential equation was solved using MATLAB software; then C = f(t) was fitted
to experimental data. In the beginning of the process, adsorption was dominant and desorption was
negligible. This assumption simplified the differential equation and the rate constant ka was determined
by fitting the first several data points to the simplified equation. Then the desorption rate constant kd was
the only unknown variable and was found by fitting all the data points to the full equation.

2.1.3 Dynamic flow model
In practice, the removal of metallic impurities from wastewater will be carried out in adsorption
columns containing a fixed bed of algae bio-sorbent. A dynamic flow model is developed to simulate the
process in these treatment systems. The key components of this model are various modes of mass transfer,
including diffusive and convective transport of the fluid species, and interactions of gallium as the
adsorbing contaminants with the surface of algae sorbent.
The mass balance for the continuous-flow system is expressed by:
∂C
∂t

∂2 C

∂C

= Dz ∂z2 − u ∂z −

∂Cs
∂t

ρ(1−ɛ) ∂Cs
ɛ
∂t

(16)
(17)

= k a C(S0 − Cs ) − k d Cs

where Dz (m2/s) is the axial dispersion coefficient, ɛ is the column bed porosity, u (m/s) is the sppripreci
velocity. The initial and the boundary conditions are:
(18)

t = 0, 𝑧 > 0, C(t, z) = 0, Cs (t, z) = 0
∂C

(19)

t > 0, 𝑧 = 0, u(C0 − C) = −Dz ∂z
t > 0, 𝑧 → 𝐿,

∂C(t,z)
∂z

(20)

=0

where L (m) is the length of the column.
To obtain the value of the dispersion coefficient, arsenic solution as a non-adsorbing tracer was
injected into the column. Ctracer (mol/ m3) is the tracer concentration in the liquid phase at time t. The
tracer input was essentially a step function going from zero to Ctracer at time t=0.The mass balance of the
tracer in the liquid phase of the column system can be described by:
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∂Ctracer
∂t

= Dz

∂2 Ctracer
∂z2

−u

∂Ctracer
∂z

(21)

The initial and the boundary conditions are:
(22)

t = 0, 𝑧 > 0, Ctracer (t, z) = 0
t > 0 , 𝑧 = 0, u(Ctracer,0 − Ctracer ) = −Dz
t > 0, 𝑧 → 𝐿,

∂Ctracer (t,z)
∂z

∂Ctracer
∂z

(23)
(24)

=0

The above equations were solved using MATLAB software. The derivative of tracer concentration with
time (∂Ctracer / ∂t) from both the model and the experimental data were obtained. The value of Dz was
found by matching the time profiles of (∂Ctracer / ∂t) obtained from the model and the experiments; the
details and results are given in the next section.

2.2 Multi-component system
2.2.1 Process kinetics model
Although the mechanism of adsorption varies for different sorbents, the model developed for As and
Ga removal will have general features applicable to other multi-component ionic adsorption systems. A
key factor is the effect of pH and the role that it plays in the interaction among adsorbates. In general, pH
affects the sorbent surface charge and influences the dynamics of the adsorption process. In multicomponent systems, there are two ways that the presence of a component affects the dynamics of
adsorption of another compound: the primary effect is the competition among compounds on occupying
sorbent sites; the secondary and less significant effect is the potential change in the pH and the resulting
surface charge when a new contaminant is introduced.
Usually, the adsorption of negatively charged species is favored at low pH values where the surface
groups are protonated and the surface is rich in positively charged sites. On the contrary, positively
charged species prefer higher pH conditions. The model developed in this research assumes that the
sorbent has two types of sites, namely positively charged and negatively charged sites. The total number
of sites is a given property of the sorbent; however, the number of each type of site changes with pH. In
this model, α is defined as the ratio of the available sites for adsorption of component 1, which is assumed
to be a negatively charged impurity (such as As ionic species). Consequently, 1-α is the fraction of
available sites that are negative and are available for adsorption for component 2 which is a positively
charged species (such as gallium ion). Based on our study of algae as a biosorbent, α, as a function of pH,
is represented by the following equation:
(25)

𝛼 = 0.35 log(pH + 1)
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This equation allows α varying between 0 and 1 in the pH range of 0 to 14. There are more available
sites for component 1 at higher pH, which means that the adsorption of component 1 is favored by higher
pH. The adsorption rates are as follows:
ra1 = k a1 C1 (𝛼S0 − Cs1 )

(26)

ra2 = k a2 C2 ((1 − 𝛼)S0 − Cs2 )

(27)

where ka1 and ka2 (m3/mol·s) are the adsorption rate coefficients for components 1 and 2, C1 and C2
(mol/m3) are the concentrations of components 1 and 2 in the liquid phase at time t, Cs1 and Cs2 (mol/kg)
are the amounts of components 1 and 2 adsorbed by the sorbent at time t, and S0 (mol/kg) is the total
available binding sites or the maximum adsorption capacity of sorbent.
The desorption rate for each species depends on its solid phase concentration as well as on the liquid
phase concentration of the other component which attracts it back to the liquid phase through its opposite
charge attraction. Therefore, the desorption rates for the two species can be expressed as:
rd1 = k d1 Cs1 C2

(28)

rd2 = k d2 Cs2 C1

(29)

where kd1 and kd2 (m3/mol·s) are the desorption rate coefficients of components 1 and 2, respectively.

2.2.2 Fixed-bed reactor (FBR) model
Assuming a homogeneous and isothermal system, the mass balance for the FBR system is expressed
by:
∂C1
∂t

= Dz

∂Cs1
∂t
∂C2
∂t

−u

∂C1
∂z

−

ρ(1−ɛ) ∂Cs1
ɛ
∂t

(30)
(31)

= k a1 C1 (𝛼S0 − Cs1 ) − k d1 Cs1 C2

= Dz

∂Cs2
∂t

∂2 C1
∂z2

∂2 C2
∂z2

−u

∂C2
∂z

−

ρ(1−ɛ) ∂Cs2
ɛ
∂t

(32)
(33)

= k a2 C2 ((1 − 𝛼)S0 − Cs2 ) − k d2 Cs2 C1

where t (s) is time, z (m) is the axial position, Dz (m2/s) is the axial dispersion coefficient, ρ (kg/m3) is the
density of biomass, ɛ is the bed porosity, and u (m/s) is the interstitial velocity. The initial and boundary
conditions are:
t = 0, 𝑧 > 0, C1 (t, z) = 0, Cs1 (t, z) = 0, C2 (t, z) = 0, Cs2 (t, z) = 0
t > 0, 𝑧 = 0, u(C01 − C1 ) = −Dz
t > 0, 𝑧 → 𝐿,

∂C1 (t,z)
∂z

= 0,

∂C1
,
∂z

∂C2 (t,z)
∂z

u(C0,2 − C2 ) = −Dz

∂C2
∂z

(34)
(35)
(36)

=0

where C01 and C02 (mol/m3) are the inlet concentrations of component 1 and 2, respectively, and L (m) is
28

the length of the reactor. In case of two FBR in series with different pH, the entire system can be regarded
as one FBR where a change in pH along the reactor length.

2.2.3 Continuously-stirred tank reactor (CSTR) model
Assuming perfect mixing and ignoring the heat produced by stirring, the mass balance for the CSTR
system is expressed by:
∂C1
∂t

=

∂Cs1
∂t
∂C2
∂t

(37)
(38)

= k a1 C1 (𝛼S0 − Cs1 ) − k d1 Cs1 C2

=

∂Cs2
∂t

Q(C01 −C1 )
ρ(1−ɛ) ∂Cs1
− ɛ
ɛV
∂t

Q(C02 −C2 )
ρ(1−ɛ) ∂Cs2
−
ɛV
ɛ
∂t

(39)

= k a2 C2 ((1 − 𝛼)S0 − Cs2 ) − k d2 Cs2 C1

(40)

where Q (m3/s) is the feed rate, and V (m3) is the volume of the reactor. The initial conditions are:
t = 0, C1 (t) = 0, Cs1 (t) = 0, C2 (t) = 0, Cs2 (t) = 0

(41)

For two CSTR in series, four more equations are added for the second CSTR:
∂c∗1
∂t

=

∂c∗s1
∂t
∂c∗2
∂t

(42)

∗ )
∗ ∗
= k ∗a1 c1∗ (𝛼 ∗ S0 − cs1
− k ∗d1 cs1
c2

=

∂c∗s2
∂t

Q(C1 −c∗1 )
ρ(1−ɛ) ∂c∗s1
−
∗
ɛV
ɛ
∂t

(43)

Q(C2 −c∗2 )
ρ(1−ɛ) ∂c∗s2
−
∗
ɛV
ɛ
∂t

(44)

∗ )
∗ ∗
= k ∗a2 c2∗ ((1 − 𝛼 ∗ )S0 − cs2
− k ∗d2 cs2
c1

(45)

where the symbols with “ * ” represent the properties of the second CSTR. The liquid concentration at the
outlet of the first CSTR is the same as the inlet concentration of the second one. The initial conditions for
the second CSTR are:
∗ (t)
∗
t = 0, c1∗ (t) = 0, cs1
= 0, c2∗ (t) = 0, c𝑠2
=0

(46)

2.2.4 Multi-stage reactors model
An option explored in this study for the adsorption treatment of complex multi-component wastes is
a two-stage configuration where the stages of the system are operated at two different pH conditions (Fig.
2). Stage 1 would be at a relatively high pH, suitable for removal of positively charged contaminants such
as gallium and most metallic ions. The second stage, operated at relatively low pH, would be primarily for
the removal of negatively charged impurities such as arsenic species. Adsorption in two stages while
controlling pH, would allow for optimization of the adsorption process for each class of impurities. The
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optimum values and the range of pH in the two stages would depend on the type and the composition of
the ions to be removed.

Fig. 2 Treatment of multi-component wastewater by staged adsorption

Selection of suitable reactor type and its design parameters are often a key aspect for developing and
optimizing chemical process system. In this study, two types of reactor systems, FBRs and CSTRs are
compared for their adsorption performances. The choice of reactor type and their conditions are discussed
through case studies.

2.2.5 Model parameters
A number of case studies were conducted to illustrate the application of the process modeling for
studying and designing optimum systems for multi-component adsorption for wastewater treatment and
purification. This study included comparison of FBR and CSTR systems, using models developed in the
previous section. In particular, the cases considered removal of two impurities with vastly different
adsorption properties. The use of both single reactor as well as staged dual-reactor systems were
investigated. The system parameters used in this study are for illustration purposes and may not
correspond exactly to the operation of a particular fabrication plant. However, the parameters are close to
properties of arsenic and gallium in wastewater from GaAs semiconductor processing (Torrance et al.,
2010; Schmitt et al., 2001). The assumed parameters to illustrate the model application are listed in
TABLEs 2 and 3. In comparing systems, the total system size, feed properties, and operating conditions
were kept the same. In staged-reactor systems, the two reactors in series were equal in volume at two
different pH values; each pH value favoring the adsorption of one of the two impurities.
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TABLE 2 Parameters for single reactor system.
Parameter

Value

Parameter

Value

S0 (mol/kg)

1

Dz (m2/s)

1.2E-7

C01 (mol/ m3)

1.5

pH

8.5

C02 (mol/ m3)

1.5

L (m)

1

ka1 (m3/mol·s)

3.5E-6

d (m)

0.2

kd1 (m3/mol·s)

8E-8

ε

0.96

ka2 (m3/mol·s)

2.2E-5

Q (m3/s)

1.67E-7

kd2 (m3/mol·s)

8.5E-7

TABLE 3 Parameters for staged reactor system.
Parameter

Value

Parameter

Value

S0 (mol/kg)

1

pH1

8.5

C01 (mol/ m3)

1.5

pH2

2.3

C02 (mol/ m3)

1.5

L1 (m)

0.5

ka1 (m3/mol·s)

3.5E-6

L2 (m)

0.5

kd1 (m3/mol·s)

8E-8

d (m)

0.2

ka2 (m3/mol·s)

2.2E-5

ε

0.96

kd2 (m3/mol·s)

8.5E-7

Q (m3/s)

1.67E-7

Dz (m2/s)

1.2E-7
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CHAPTER 3
EXPERIMENTAL SETUP AND PROCEDURES

3.1 Materials and available facilities
The algae strain used in this studay was isolated by Dr. Juergen Polle at Brooklyn College, New
York (Neofotish et al., 2016). These algae were cultivated in 90-liter photobioreactors using an optimized
Pecos medium (PE-001A) with 1 LPM flow rate of a 5% CO2/air mixture to control the pH between 6.5
to 8.5 at room temperature (25oC). The light was provided 12 hours daily followed by 12 hours of
darkness to imitate the natural environmental conditions. The cultures were centrifuged at 5000-6000 rpm
for 10 to15 minutes. After the supernatants were discarded, the pellets were dried in a forced air oven
(414005-114, VWR International LLC, Radnor, PA) at 70°C for 24 hours. The dry biomass was then
ground to small particles with diameters of one to two milimeters. The aglae did not undergo any other
chemical or physical pretreatment. All chemicals were of analytical reagent grade. 25 g/l of stock
solutions were prepared by dissolving GaCl3, InCl3, NaH2AsO4 ·7H2O and NaAsO2, respectively, in
deionized water.

3.2 Metal detection
The concentrations of metals were measured by a Synchronous Vertical Dual View Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) (5100, Agilent Technologies, Santa Clara,
CA), also referred to as Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).
ICP-OES is a type of emission spectroscopy that uses the inductively coupled plasma to produce
excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a particular
element. Compared with other techniques such as FAAS and GFAAS, ICP-OES is suitable for multiple
element detections and has shorter run time. ICP-MS also has the advantages described above of ICPOES and has a wide detection limit range. However, the cost of installing and maintaining the proper
conditions for an ICP-MS system can be considerably greater than the cost of an ICP-OES system.
All samples for ICP-OES analyzes were diluted with 2% (v/v) nitric acid to obtain gallium
concentrations up to 5 mg/l. Prior to analysis, a calibration curve was obtained using 1 to 5 mg/l gallium
ICP standards (RICCA Chemical Company, Arlington, TX).
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Fig. 3 ICP-OES (5100, Agilent Technologies, Santa Clara, CA)

3.3 Adsorption and recovery experiments
3.3.1 Experiments in batch configuration
The first group of batch experiments were conducted to obtain the equilibrium data and the
adsorption isotherms for gallium on algae system. These equilibrium experiments were carried out at
room temperature in1.5 ml microcentrifuge tubes at pH values of 2.3 and 2.8. Fifty mg of dried algae
were exposed to a 1 ml solution containing varying concentrations (500 to 2500 mg/l) of gallium solution
for 24 hours. The tubes were centrifuged in an MiniSpin (022620100, Eppendorf, Hauppauge, NY) at
12,000 rpm for three minutes; the supernatants were then analyzed by ICP-OES. Three replicates were
obtained for each experiment condition.
Because of the high solubility of gallium in extreme acidic conditions, it can be washed off from the
sorbents. Biomass saturated with gallium was transferred to micro-centrifugal filters and mixed with 2%
(v/v) nitric acid for 10 minutes. Then nitric acid was drained through the filters and the gallium content in
nitric acid was measured. The biomass was washed three times until minimum gallium concentration was
read. Increasing pH to where the solubility of gallium is low can also make gallium precipitate out.
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The second group of batch experiments were designed to obtain the kinetics of the adsorption
process. These expeiments were conducted at room temperature in 1.5 ml microcentrifuge tubes which
contained 250 mg dried algae and 1 ml of 2500 mg/l metal solution. The tubes were agitated on a Mini
Biomixer (B3D1020, Benchmark Scientific, Sayreville, NJ) with the rotating plane tilted to 20 degrees.
Samples were taken after 0, 15, 30, 45, 60, 90, 120 and 360 minutes. The algae were separated from the
liquid solution via centrifugation to stop the adsorption. Each experiment was repeated three times.

Fig. 4 Mini Biomixer (B3D1020, Benchmark Scientific, Sayreville, NJ)

The actual metal concentration and the pH in the factory process effluents vary over orders of
magnitude, depending on the process and the point of analysis (Torrance and Keenan, 2009 and Torrance
et al., 2010). They also vary with time due to the transient nature of most fabrication processes. While
previous studies have focused on wafer thinning as the main source of Ga in the chemical mechanical
polishing wastes, there is now interest in a wide range of processing conditions due to the emerging new
applications of III-V materials. The concentration values used in this study were on the high side of the
concentration range in order to decrease the time needed for obtaining a full breakthrough profile from
fresh to fully-saturated sorbent. The low pH values (less than 3) were selected because they represent the
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most challenging condition since sorbents typically do not capture metals efficiently at low pH.
Additionally, abatement of gallium at low pH has received very little previous attention.

3.3.2 Experiments in flow configuration
The setup for a flow adsorption column consisted of a reservoir containing metal solution, a variableflow peristaltic pump (13-876-1, Fisher Scientific, Hampton, NH) and a biosorption column as shown in
Fig. 5a. Biomass was packed in the 0.4 cm diameter column. A non-adsorption material, nylon coated
stainless steel, was cut into small pieces and mixed with biomass in the column to provide space between
particles and prevent the column from clogging. The top and bottom of the column contained loose glass
wool and steel wool. The metal solution went through the column at a flow rate of 1.2E-8 m3/s. One drop
(roughly 0.1 ml) of the effluent was collected every 30 seconds, into micro-centrifuge tubes and
centrifuged before analysis. The concentrations were then measured by ICP-OES.

axial dispersion

C

z

adsorption

C0

convective mass
transfer
Fig. 5 (a) Schematic diagrams of the adsorption column. (b) Transport mechanism in the
sorbent bed
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The axial dispersion coefficient, Dz, in the column was determined by flowing a non-adsorbing
tracer through the packed bed and monitoring the effluent concentrations. Almost all commonly used bioinert tracers extract chlorophyll, destroy the surface features of biomass, and therefore interfere with the
concentration measurements. Arsenic showed minimum adsorption at pH of 9 and was used as a
conservative tracer to determine the dispersion coefficient. Samples were diluted with 2% (v/v) nitric acid
and the concentrations were measured by ICP-OES as well.

3.4 Measurement of net surface charge
An acidimeteric-alkalimeteric titration (Stumm and Morgan, 1996) was used for the measurement of
surface charge. Titration solutions of 0.1 M HCl and 0.1 M NaOH ranging from 0.05 to 1.5 ml were
added to seven 50 ml centrifuge tubes containing 20 ml of 0.01M NaCl and 0.2 g biomass. This mixture,
which served as a control, contained only NaCl and biomass. The sample tubes were shaken for 24 hours
and the pH values were measured for calculating the surface charge density on site balance (Stumm and
Morgan, 1996).

3.5 Algae characterization
3.5.1 Microwave assisted lipid extraction and content determination
About 0.3 g of dry biomass was required for one run. The samples were added into MARS Express
vessels.10 ml of the solvent solution (2 chloroform: 1 methanol) were added into each vessel under the
hood. Then the vessels with the biomass and the solvent were left overnight in the hood with their
respective lids on. Once they were ready, the samples were run in the microwave machine (Mars
Xtraction Cem Corp.) with a power of 1600 watts for 60 min, using the Algae Extr KG method. After the
run, the samples were taken back to the hood after they cool down for 30 minutes. Clean test tubes were
labeled and weighed for the separated liquid part. The liquid part containing lipids and solvent was
filtered through the glass fiber fitting in a funnel. Then the tubes were left in the hood until the liquid has
evaporated. The dry mass of lipids and test tubes was weighed at the end and the lipid content can be
determined using the following equation.
Dry mass of lipids

Lipid content (wt. %) = Dry mass of algae x 100%

3.5.2 Carbohydrate extraction and content determination
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(47)

3 mg of dry biomass were hydrolyzed by 3mL 2N HCl in a water-bath at 100°C for 1h. The samples
were analyzed by the phenol-sulfuric acid method. They were diluted by a factor of 10. Then 0.2 mL of
5% phenol solution was mixed with 0.2 mL of each diluted sample by a gentle shake. 1 mL of pure
H2SO4 was added on the top surface of the liquid in a fast and direct way and mixed by a vigorous shake.
The mixture was vortexed every 10 min. After 30 min, the sample optical densities (OD) were measured
at wavelength 490 nm using an Ultraviolet-visible spectrophotometer (Genesys 5 UV-Visible 336001,
Milton Roy, Ivyland, PA).

3.5.3 Protein extraction and content determination
22.4 mg of dry biomass was mixed with 5mL 1N NaOH and boiled for 10min. The samples were
analyzed by Lowry’s method. They were diluted by a factor of 10. 1 mL of Modified Lowry Reagent was
mixed with 0.2 mL of each diluted sample and incubated for 10 min. Then 0.1 ml of 1N Phenol Reagent
was added and mixed well. After 30 min, the sample ODs were measured by an Ultraviolet-visible
spectrophotometer at wavelength 750nm.

3.5.4 Aqua regia digestion
0.14 g of whole biomass was diluted with 2mL ultra pure water in the test tubes. 2 mL of Aqua
Regia was prepared in the hood and transferred into the test tubes by a glass pipette. 2 mL of carbohydrate
or protein hydrolysate and dry lipid can directly react with 2 mL of Aqua Regia. The test tubes were
agitated gently every 30 min. After 3 hours samples werre diluted and then analyzed by ICP-OES.

3.6 Living algae toxicity tolerance tests
For flask cultivation, algae were cultured in 1 L flasks using an optimized Pecos medium (PE-001A)
with 1 LPM flow rate of a CO2/air mixture (5/95, v/v) at room temperature (25 oC). The optimized Pecos
medium is about 12 times cheaper than normal medium (BG-11) with citric acid removed and
dipotassium phosphate replaced by 0.25 mM of ammonium phosphate and 0.075 mM of potash. The
recipe is shown in TABLE 4.
Algae were grown at the same condition as the regular flask cultivation with addition of different
concentrations of each metal. Survived toxicity tolerant algae can be used for further studies.
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TABLE 4 Composition of PE-001A
Components

Concentration

Primary Components

(mg/L)

(NH2)2CO

100

MgSO4*7H2O

10

NH4H2PO4

25

Potash

75

FeCl3

3.15

Na2CO3

20

EDTA

4.36

Trace Metal Solution

(μg/L)

H3BO3

2860

MnCl2*4H2O

1810

ZnSO4*7H2O

220

Na2MoO4*2H2O

390

CuSO4*5H2O,

79

Co(NO3)2*6H2O

49.4
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Single-component system
4.1.1 Surface charge density
The surface charge measurements in our work (Fig. 6) confirm that surface charge plays a primary
role in the adsorption and retention process. In particular, the surface of Chlorella sorokiniana biomass is
dominated by negative charge for pH > 6 because protons were released. As pH decreases, surface charge
density goes down. Neutralization appears around pH 5. A possible explanation is that the functional
groups accepted protons from the solution Eq. (48). From pH 4 to pH 2, the positive charge increased
sharply. It could be that the neutral amine groups became positively charged Eq. (49).

1400.00

Surface charge density, σ (C/m2)

1200.00
1000.00
800.00
600.00
400.00
200.00
0.00
-200.00
-400.00
-600.00
2.0

4.0

6.0
pH

8.0

10.0

Fig. 6 Surface charge density as a function of pH

cell‐ COO‾ + H + ⟶ cell‐ COOH

(48)

cell‐ NH2 + H + ⟶ cell‐ NH3 ⁺

(49)

4.1.2 Equilibrium properties
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It is estimated that the gallium concentration in typical fab wastewater will be in the low ppm range
(highly dependent on the site and the process conditions). However, higher concentrations were selected
in this study to speed up the experiments and the approach to saturation for laboratory evaluations. The
very low pH values were selected because, as pointed out in the introduction section, it is at low pH that
bio-sorbents fail to perform well.
The adsorption isotherms for gallium ions are shown in Figs. 7, 8 and 9. The experimental data were
obtained from the 24-hour batch equilibrium experiments. The linearized isotherms were fitted to three
sets of experimental data. The values of S0 and K were calculated from the slope and intercept of the
fitted lines. The capacity, S0, was 14.1 mg/g at pH 2.3. The equilibrium constant, K, was 6.6E-3 l/mg. The
S0 given by the model agrees well with the net surface charge density, σ, measurement. For comparative
purposes, the units of S0 and σ were both converted to mol/g. Then under the same pH condition, S0
became 2.01E-4 mol-gallium/g-biomass and σ became 6.47E-4 mol-net positive charge/g-biomass. To
determine the effect of pH, experiments were also conducted at pH 2.8 and pH 11. The increases in
capacities to 38.5 mg/g and 133.3 mg/g, respectively, were observed. This confirms the proposed
mechanism where the increase in pH increases the number of negatively charged sites and enhances the
adsorption process.
Generally, the interaction of anions with binding sites is enhanced and the approach of cations is
restricted at low pH because the surface of the biomass is protonated. Yu and Kaewsarn used brown algae
Durvillaea potatorum for Cu cations sorption and observed a significant increase in uptake capacity when
pH was increased from 2 to 4 (Kaewsarn and Yu, 1999). The maximum capacity was reached around pH
5. Hashim and Chu found brown algae Sargassum bacculariaas sorbents had poor capacity for Cd cations
at pH 2 and increased in sorption capacity as pH increased (Hashim and Chu, 2004).
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Fig. 7 Linearized isotherm for gallium at pH=2.3
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Fig. 8 Linearized isotherm for gallium at pH=2.8
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Fig. 9 Linearized isotherm for gallium at pH=11

It is important to note that the effect of pH on adsorption of arsenic is totally different from that of
gallium ion. This is because arsenite (pH>9) and arsenate (pH>2) are present as anions (Fig. 10).
Therefore, uptake of arsenic anions by several microalgae including Chlorella peaked at pH 4 (Sibi,
2014). Capacities increased with decreasing pH. The surface charge test also explains the poor adsorption
of negatively charged arsenic anions at high pH.
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(a)

(b)
Fig. 10 Distribution of (a) arsenite and (b) arsenate species as a function of pH (Can et al., 2014)

The fact that the results here show high capacity and effective adsorption at these low pH conditions
is a conservative but very promising proof of the effectiveness of algae as a sorbent. It appears that the
results for gallium adsorption are similar to what has been reported regarding Cu cations interaction with
the protonated carboxylate groups in addition to the attraction to the unprotonated carboxylate groups
(Liu et al., 2016).

4.1.3 Sorbents recovery
The removal of gallium by algae sorbents is a reversible process; therefore, if pH is decreased, some
of the gallium ions adsorbed on the surface of biomass will be released into aqueous solution. The
desorption properties are important in evaluating the stability of the captured metal on the sorbent during
the abatement process. Moreover, controlled desorption can also be potentially utilized to recover the
sorbent and sorbate if needed. Fig. 11 shows the recovery percentage at different initial concentrations
and reflects an upward trend especially from 90 mg/l to 180 mg/l. This is probably because the available
sites on the biomass surface might not all be occupied by gallium when the initial concentration was 90
mg/l (removal percentage was near to 100%). In this case, protons were attracted by free functional
groups. When the surface became saturated with gallium the recovery percentage increased up to 100%.
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Fig. 11 Recovery percentage of gallium at different initial concentrations

When pH was increased to where the solubility of gallium is low, gallium can precipitate out as
Ga(OH)3. Fig. 12 shows the results of increasing pH from 2.3 to 5.6 when adsorption of gallium reached
equilibrium and the liquid concentration of gallium was minimum. Gallium precipitated out and separated
from biosorbents after 30 min of sediment.

precipitated Ga(OH)3
biosorbents

Fig. 12 Separation of precipitated gallium and biosorbents
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The results show that the adsorption on algae is reversible and the recovery is feasible by changing
the media pH. It is speculated that any such recovery process would have to be performed ex-situ (outside
the fab) and would treat a relatively small volume of algae, which has removed and concentrated gallium
from a large volume of wastewater. The most likely objective of these processes will be recovery of
gallium and safe disposal of the algae residue, which is typically a low-cost sorbent.

4.1.4 Batch process results
Figs. 13 and 14 show the gallium concentration change with adsorption time in the batch process. In
the early part of the batch experiments, the adsorbed metal concentration on the biomass was small;
therefore, desorption was small and kdCs in Eq. (13) could be neglected. The model was then fitted to the
first five data points of the experimental data to find the value of ka which was 4.7E-8 l/mg·s (Fig. 13).
Using this value of ka, Eq. (13) was solved using all data points to determine kd (Fig. 14). kd was
determined to be 1.1E-5 s-1. The rate and capacity for the gallium adsorption on the algae sorbent studied
here is in the same range as those reported for the removal of lead, cadmium, copper, and arsenic using
other biosorbents (Sulaymon et al., 2013).

Fig. 13 Temporal profiles of gallium concentration in batch system (adsorption-dominated range)
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Fig. 14 Temporal profiles of gallium concentration in batch system (full range)

4.1.5 Flow process results
The dispersion coefficient was found using tracer experimental data. The rate of change of tracer
concentration as a function of time is shown in Fig. 15. The best fit for Dz over a wide range of operating
time was 1.2E-7 m2/s. Fig. 16 shows the breakthrough experimental results and the best fit to the data
using the dynamic flow model.
TABLE 5 gives the parameter values found by using the combination of experimental measurements
and modeling. The kinetic and equilibrium parameters, determined by both batch and flow configuration
experiments and modeling, are fundamental and can be used for scale-up and design purposes. In
particular, these parameters together with the dynamic flow model developed in this study can be used to
design the large-scale adsorption systems suitable for continuous treatment of gallium-containing
wastewater in fabs. They can also be utilized to optimize the operational conditions of an existing
adsorption system.
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Fig. 15 Determination of dispersion coefficient by tracer analysis

Fig. 16 Breakthrough curve for adsorption of gallium in biosorption column

47

TABLE 5 System parameters determined from experimental data and model application. flow rate:
1.2E-8 m3/s, inlet concentration: 1520 mg/l, temperature: 25oC, the length of the packed section: 0.5
m, sorbent amount: 2.5g, bed-porosity: 0.58
Parameter

S0 (mg/g)

ka (l/mg·s)

kd (s-1)

Dz (m2/s)

Value

14.1

4.7E-8

1.1E-5

1.2E-7

4.1.6 Evaluation and Application Perspective
Table 6 gives a comparison of the adsorption properties of the algae-based sorbent with other related
results available in the literature. A more detailed quantitative comparison of sorbents is not possible at
this stage because various studies have used different conditions and most of them have not reported the
key testing parameters that affect the adsorption results. For the same reason, it is premature at this stage
to estimate and compare the cost of various sorbents. However, a qualitative assessment of the options
based on the starting material and preparation method clearly places algae among the best in terms of cost
and simplicity of preparing the sorbent.

TABLE 6 Adsorption of gallium by different sorbents
Capacity
(mg/g)

Initial Rate
(mg/g·s)

Temperature
(o C)

Acidity

Reference

Algae

14.1

2.4E-3

25

pH=2.3

this study

Algae

38.5

N/A

25

pH=2.8

this study

Algae

133.3

N/A

25

pH=11

this study

Activated
carbon

16

N/A

N/A

[H+]=7 M

XAD-4

11.9

N/A

N/A

[H+]=7 M

XAD-7

34.3

N/A

N/A

[H+]=7 M

XAD-8

39.9

N/A

N/A

[H+]=7 M

Chelex 100

35

N/A

N/A

[H+]=7 M

Amphoteric
starch

calculated
~12

N/A

30

N/A

Sorbent
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Koshima and
Onishi, 1985
Koshima,
1986
Koshima,
1986
Koshima,
1986
Koshima,
1986
Chan, 1993

Activated
bentonite

calculated
73

N/A

20

pH=2.5

Chegrouche
and
Bensmaili,
2002

Nano-TiO2

calculated
0.96

3.4E-6 (pseudofirst-order),
5.6E-2 (pseudosecond-order)

20

pH=3

Zhang et al.,
2010

4.1.7 Living algae toxicity tolerance
Chlorella were cultivated in the same conditions with addition of one metal for 11 days. The initial
and final concentrations of each metal are concluded in TABLE 7. Aa shown in Fig. 17, algae grew in
media with arsenate as well as in control which contained no metal. Besides, the arsenate concentration
was reduced from 100 mg/l to 16.7 mg/l. With 25 mg/l of arsenite, algae could survive and accumulate
some metal (arsenite concentration decreased from 25 to 3.7). However, the growth was also limited by
metal. The growth rate slowed down since day 3 compared to control and approximately reached
equilibrium state since day 6. Algae were dying since day 3 with 5 mg/l indium. 5 mg/l of gallium was
not fatal for algae although the growth rate was relatively slow. The results show the promising capacity
of algae for arsenate removal and great tolerance to arsenate concentration as high as 100 mg/l. Algae is
also capable to deal with relatively low concentration of arsenite. The removal effect of indium and
gallium by living algae was not very significant due to their low tolerance to these two metals.
5

OD(750nm)

4.5
4

Control

3.5

arsenate

3

arsenite

2.5

indium

2

gallium

1.5
1
0.5
0
0

2

4

6
Time, t (d)

8

10

12

Fig. 17 Growth curve of chlorella cultivated in media with contaminants
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TABLE 7 Initial and equilibrium concentration of each contaminant
Element

C0 (mg/l)

Ce (mg/l)

Ce-control (mg/l)

arsenate

100

16.7

arsenite

25

3.7

indium

5

0.8

0.125

gallium

5

1.6

0.405

0.01

4.2 Multi-component system
4.2.1 Experimental data fitting results
C

C

K

By fitting the linearized equilibrium concentrations to the equation C e,As = KGa C e,Ga derived from
se,As

Eq. 9, the extended Langmuir equation,

KGa
KAs

As

se,Ga

was obtained (Fig. 18). Then data were fitted to Eq. 9 to get

S0, K1 and K2 (Fig. 19). According to the poor fitting, the extended Langmuir equation does not seem to
be a suitable model, in despite of the insufficient data.
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Fig. 18 Linearized equilibrium concentrations of gallium-arsenic system at pH=2.3

Fig. 19 Linearized isotherm for gallium-arsenic system at pH=2.3

Dynamic batch experimental data were then fitted to the mass balance equations below:

−V

dC1
dt

= S[k a,1 C1 2 (S0 − Cs,1 − Cs,2 ) − k d,1 Cs,1 ]

(50)

−V

dC2
dt

= S[k a,2 C2 2 (S0 − Cs,1 − Cs,2 ) − k d,2 Cs,2 ]

(51)

where second-order adsorption and two components competing for the total available sites were assumed.
(Figs. 20 & 21) All parameters were chosen for the best fit. Compared to first-order adsorption, secondorder showed a better fit. However, there was no enough evidence to prove the interaction between
arsenic and gallium ions and the accuracy of the parameters to be determined.
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Fig. 20 Concentration profiles of gallium in batch system (adsorption-dominated range)

Fig. 21 Concentration profiles of gallium in batch system (full range)

52

4.2.2 Interaction between arsenic and gallium
To further explore the effect of one component on the adsorption of another one, two components
were added in to the solution at different time. Concentrations were measured before the adsorption, after
24 hours when equilibrium was reached with one component, and after 48 hours when equilibrium was
again reached with two components. This experiment was performed in acidic and alkaline conditions,
respectively. At the end, pH dropped from 2.3 to 1.8 in acidic condition and from 8.6 to 7.1 in alkaline
condition. H+ might have been released during adsorption. Fig. 22 shows that arsenic was adsorbed
more at the presence of gallium but gallium desorption increased at the presence of arsenic. The possible
explanations include a) pH drop caused increase in arsenic adsorption and decrease in gallium adsorption;
b) gallium was not only attracted by the cell surface sites but also the arsenic-attached surface; c) arsenic
and gallium were competing for the common sites; d) the added ions reacted with adsorbed ions and led
to desorption. TABLE 8 shows the species and their percentages in arsenic-gallium system at different
pH. The exists of so many different ions and the change of their composition with pH made the modeling
more complicated. Besides, how the order of addition of these two components affected the adsorption
remained unknown with available data at hand. Consequently, the development of accurate models
seemed very challenging and assumptions to simplify the process were needed. The models were

Liquid concentration (mmol/l)

described in section 2.2.1.
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Fig. 22 Concentration change of arsenic and gallium at initial pH 2.3 in (a) As+Ga system and (b)
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Fig. 23 Concentration change of arsenic and gallium at initial pH 8.6 in (a) As+Ga system and (b)
Ga+As system

TABLE 8 Speciation and percentage of gallium and arsenic at different pH
pH

Ga3+

8.6

0%

0%

0%

0.42%

99.58%

0.10%

98.48%

1.42%

0%

7.5

0%

0%

0.01%

5.10

94.90%

0.01%

84.6%

15.39%

0%

0%
21.02%
7.84%

0.03%
0.88%
0.10%

11.88
0.01%
0.00%

88.09%
0.00%
0.00%

0%
0.00%
0.00%

68.63%
0.00%
0.00%

31.37%
53.45%
26.64%

0%
46.55%
73.36%

7.1
0%
2.3 78.10%
1.8 92.06%

Ga(OH)2+ Ga(OH)2+ Ga(OH)3 Ga(OH)4- AsO43- HAsO42- H2AsO4- H3AsO4

4.2.3 Comparison of CSTR and FBR
There are two primary measures of performance, when comparing the configuration and operation of
different reactor systems:
a) The rate and the extent of purification, given a specific feed flow rate and impurities
concentrations. This is best shown by comparing the temporal profiles of the impurities
concentrations in the system outlet.
b) The lifetime for the system, defined as the length of time during which the system is able to
provide the required purification before the sorbent useful life is expired. The required
purification in this study is selected to be at least 80% of the incoming concentration for each
impurity (C1/C01 and C2/C02 less than 0.2 in the system outlet). Once this lifetime is reached, the
system operation will no longer continue to meet the purification specification and the sorbent
needs to be regenerated or replaced.
Figs. 24-27 show the time profiles for components 1 and 2 in FBR and CSTR configurations. Figs.
24-25 are for the single-stage reactor systems and Figs. 26-27 are for two-stage reactor systems. The
operation lifetimes for the removal of each component (tf1 and tf2) are also shown on these graphs. The
system lifetime (tfs) is the smaller of the tf1 and tf2 values, indicating the first time the purification of one
of the impurities fails to meet the overall system specification. The lifetime corresponding to these results
are also shown on Figs. 24-27.
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Fig. 24 Concentration profiles of impurity 1 (negatively charged) in the outlet of the single CSTR
and FBR systems

Fig. 25 Concentration profiles of impurity 2 (positively charged) in the outlet of the single CSTR
and FBR systems
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Fig. 26 Concentration profiles of impurity 1 (negatively charged) in the outlet of the staged CSTR
and FBR systems

Fig. 27 Concentration profiles of impurity 2 (positively charged) in the outlet of the staged CSTR
and FBR systems
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The above results show that FBR delivers a significantly lower concentration of both components in
the outlet; this means better purification quality and dynamics. The cross over and the reversal of the
position of the profiles in these figures are in the range past the acceptable lifetime duration and therefore
are not of practical significance and do not change this general conclusion. The FBR system shows a
generally larger tf1, tf2, and the systems lifetime, tfs, compared to the CSTR system.
Regarding the benefits of staging the system, the staged systems show much better performance
compared to the single reactor systems in purification quality and dynamics. However, comparison of the
lifetime in single reactors with that in the staged reactors does not follow a general trend. This is because
in a staged system two opposing factors affect the overall system lifetime. One factor is the enhancement
of the adsorption rate due to staging of the pH for higher removal of each component. However, in a
constant volume system, staging reduces the volume of each stage; this means that only a portion of the
bed (not the entire reactor) is used for this enhanced adsorption in each stage. The net effect of these two
opposing factors depends on various operating conditions.
Another set of results, which shows the fundamental difference between the two reactor types, is the
concentration spatial profile of adsorbed impurities on the sorbent in the reactor. Figs. 28-31 are typical
profiles of the adsorbed concentrations in the single and staged CSTR and FBR systems during the
operation. As expected, the CSTR has a uniform adsorbed concentration profile. However, the FBR
shows a high concentration zone, which progresses from inlet to outlet as time goes on. This means the
loading of the sorbent in the CSTR builds up uniformly at all locations inside the reactor where the
loading in FBR is by saturating the upstream and a gradual drift of the adsorption front towards the outlet.
These trends are observed for both impurities in both single and staged systems.
While the adsorbed loading distribution profiles in FBRs are very different from those in CSTRs, the
total integrated amount (or average loadings on the sorbent) are not very different for these two reactor
configurations, as shown in Figs. 32 and 33. This is because in an FBR, adsorption is heavy on the reactor
upstream side and light on the downstream side; in a CSTR approximately the same loading is uniformly
distributed. The total or the integrated-average loading on the solid is not a true measure of performance
and does not have the significance of the two performance measures that were mentioned and used earlier
(system outlet purity and lifetime). However, the distribution on the sorbent has impact on the strategy for
segregation, recovery, disposal, regeneration, and reuse of the sorbent. This aspect of the waste treatment
was beyond the scope of the present study but will be addressed in future.
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Fig. 28 Concentration profiles of impurity 1 along the single CSTR and FBR systems

Fig. 29 Concentration profiles of impurity 2 along the single CSTR and FBR systems
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Fig. 30 Concentration profiles of impurity 1 along the staged CSTR and FBR systems

Fig. 31 Concentration profiles of impurity 2 along the staged CSTR and FBR systems
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Fig. 32 Average adsorbed concentration of impurity 1 in the staged CSTR and FBR systems

Fig. 33 Average adsorbed concentration of impurity 2 in the staged CSTR and FBR systems

4.2.4 Parametric studies
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The model developed in this study is potentially a powerful tool for design and optimization of
adsorption processes for wastewater treatment. Typically, its application would involve a systematic
parametric study to understand the effect of various design parameters on the performance of the system
and its parts. Parametric studies are also useful to investigate the cause and safeguard against the
unintended process disturbances and variations in a system during its routine operation. As an example of
this parametric study, the effect of key parameters on the lifetime of the staged reactors, which have been
presented as a base case in this work, is summarized in TABLE 9. The effect of change in the flow rate on
the dynamics of purification and the process lifetime for each component is given in more details in Figs.
34-51.
Notably, increasing flow rate simply move the curves to the left. If flow rate is too low, residence
time will be too long. Given CSTRs have no residence time, CSTRs can have better performance if low
flow rate is allowed. Decreasing porosity/increasing sorbent dosage moves curves to the right. Usually
CSTRs have porosity of nearly 1 while FBC have porosity of around 70%. In all cases, the porosity for
both type of reactor systems is above 90%. If the sorbent cost is very low, FBC with lower porosity can
provide pure outflow and last longer.

TABLE 9 Operational Lifetime of CSTR and FBR Systems
%
Parameter

Base value

% change in tf1

% change in tf2

% change in tfs

CSTR

FBR

CSTR

FBR

CSTR

FBR

change
in base
value

Q

1.67E-7 m3/s

+30%

-31%

-25%

-24%

-24%

-24%

-24%

C01, C02

1.5 mol/m3

+30%

-22%

-21%

-22%

-21%

-22%

-21%

ε

0.96

-3%

+74%

+71%

+68%

+64%

+68%

+64%

d

0.2 m

+30%

+78%

+75%

+72%

+70%

+72%

+70%

L1, L2

0.5 m

+30%

+34%

+33%

+31%

+31%

+31%

+31%

S0

1 mol/kg

+30%

+32%

+31%

+29%

+28%

+31%

+28%

ka1

3.5E-6 m3/mol·s

+30%

+4%

+3%

+ <1%

0

+ <1%

0

kd1

8E-8 m3/mol·s

+30%

-1%

- <1%

- <1%

0

- <1%

0
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ka2

2.2E-5 m3/mol·s

+30%

0

0

+1%

+ <1%

0

0

kd2

8.5E-7 m3/mol·s

+30%

0

0

- <1%

- <1%

0

0

Fig. 34 Effect of change in flow rate on the dynamics of adsorption and process lifetime (component
1)
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Fig. 35 Effect of change in flow rate on the dynamics of adsorption and process lifetime (component
2)

Fig. 36 Effect of change in initial concentration on the dynamics of adsorption and process lifetime
(component 1)
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Fig. 37 Effect of change in initial concentration on the dynamics of adsorption and process lifetime
(component 2)

Fig. 38 Effect of change in porosity on the dynamics of adsorption and process lifetime (component
1)

65

Fig. 39 Effect of change in porosity on the dynamics of adsorption and process lifetime (component
2)

Fig. 40 Effect of change in diameter on the dynamics of adsorption and process lifetime (component
1)
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Fig. 41 Effect of change in diameter on the dynamics of adsorption and process lifetime (component
2)

Fig. 42 Effect of change in length on the dynamics of adsorption and process lifetime (component 1)
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Fig. 43 Effect of change in length on the dynamics of adsorption and process lifetime (component 2)

Fig. 44 Effect of change in ka1 on the dynamics of adsorption and process lifetime
(component 1)
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Fig. 45 Effect of change in ka1 on the dynamics of adsorption and process lifetime
(component 2)

Fig. 46 Effect of change in kd1 on the dynamics of adsorption and process lifetime
(component 1)
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Fig. 47 Effect of change in kd1 on the dynamics of adsorption and process lifetime
(component 2)

Fig. 48 Effect of change in ka2 on the dynamics of adsorption and process lifetime
(component 1)
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Fig. 49 Effect of change in ka2 on the dynamics of adsorption and process lifetime
(component 2)

Fig. 50 Effect of change in kd2 on the dynamics of adsorption and process lifetime
(component 1)
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Fig. 51 Effect of change in kd2 on the dynamics of adsorption and process lifetime
(component 1)

4.2.5 Comparison of MATLAB and COMSOL
MATLAB has a build-in partial differential equation (PDE) solver: pdepe. The equation system need
to be solved in this research were ODE-PDE coupled equation system. There were very few examples of
using pdepe to solve this kind of problem. Although this solve was able to give graphic results, the
reliability of the results need to be verified. To estimate the plotting results by MATLAB, the process
models were also solved by COMSOL for comparison. Figs. 52-53 are the time profiles for components 1
and 2 in FBR two-stage system. Figs. 54-55 are the profiles of the adsorbed concentrations in the staged
FBR systems during the operation. The comparison shows that MATLAB and COMSOL gave excellent
agreement, which ensured higher reliability of the results.
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Fig. 52 Concentration profiles of impurity 1 (negatively charged) in the outlet of the staged FBR
systems

Fig. 53 Concentration profiles of impurity 2 (negatively charged) in the outlet of the staged FBR
systems
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Fig. 54 Concentration profiles of impurity 1 along the staged FBR systems when t= 1382 h

Fig. 55 Concentration profiles of impurity 2 along the staged FBR systems when t= 689 h

4.3 Algae fractionation results
Protein, carbohydrate and lipid were separated from algae whole biomass and their contents were
measured, respectively (TABLE 7). The values are consistent with literatures. Using aqua regia digestion,
most elements could be extracted and then measure by ICP-OES. The determination of the part which can
accumulate must impurities will help the strain selection and improvement.
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TABLE 10 Protein, carbohydrate and lipid contents of two strains of algae
Chlorella Sorokiniana

Scenedesmus obliquus

Literature
Experimental

(Illman et al., 2000)

Experimental

Literature
(Becker, 1994)

Protein (%)

44±2

42±1.6

57±2.2

53±3

Carbohydrate (%)

27 ±3.5

32±2.5

20.6±0.2

13.5±3.5

Lipid (%)

27±0.8

22±2.6

16.5±0.8

13±1

Total (%)

98±6.3

96±6.7

94.1±3.2

79.5±7.5
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CHAPTER 5
RECOMMENDATIONS

The study has shown that adsorption in two stages would allow controlling pH to optimize
adsorption process for each class of impurities. To handle the adsorption treatment of the complex multicomponent wastes, the advice is to use a two-stage configuration where the two stages of the system are
operated at two different pH conditions. The optimum values and the range of pH in the two stages would
depend on the type and the composition of the metals to be removed.
The results also indicate that by using bio-sorbents in a two-stage adsorption system (one at low and
one at high pH levels) is promising for treatment of complex fab wastewaters and removal of various
metallic ions.
For vastly different ions, like arsenic and gallium, the optimum reactor configuration is a two-stage
fixed-bed reactor system where each stage in series is operated at the optimum pH for adsorption of one
type of impurity (for example, positively or negatively charged). This configuration gives superior
performance in both the kinetics of adsorption, quality of treated water, and the sorbent system lifetime.
The modeling and parametric study in this work present a method of approach that is applicable and
useful for the design of new systems as well as for the optimization of operating conditions in an existing
system. it is therefore recommended that similar multi-component models be developed for process
simulation, reactor design and condition optimization.
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CHAPTER 6
CONCLUSIONS

The results of this study show that adsorption on freshwater green algae (Chlorella sorokiniana)
biomass is an attractive option for the removal of gallium from the process wastewater in high-technology
manufacturing such as in semiconductor fabrication plants. These algae-based bio-sorbents have a large
density of negatively charged groups on their surface. At high pH, they are effective in adsorbing gallium
and other positively charged ions. Low pH conditions when some of the sites are protonated, are typically
a challenge for adsorbing positively charged ions. However, the sorbent was found to have high
adsorption capacity even at low pH (14.1 mg/g at pH of 2.3, and 38.5 mg/g at pH of 2.8). This is a
significant advantage because the low pH conditions, which are typical in intended applications, present a
challenge for adsorbing positively charged ions.
The process model developed for single-component system and validated with the experimental data
shows that the adsorption rate is first order with respect to both gallium concentration in the water and the
concentration of available bio-sorbent. The desorption rate is first order with respect to the concentration
of gallium ions adsorbed. The fundamental kinetics and transport parameters in the model were evaluated
using the experimental data. These models are valuable in analyzing data, parametric studies for
optimization of operating conditions, and in scale up and design of new systems.
The flow-through nature of an adsorption column makes it suitable for the on-line and in-situ
abatement of wastewater. During this process, gallium is transferred from a high-volume dilute liquid
phase to a significantly lower-volume concentrated solid phase. The saturated sorbent is environmentally
more manageable and can even be processed for recovery of gallium. The tested algae are preferred over
other reported sorbents, considering their ease of production, unnecessity of pretreatment, adsorption rate,
and capacity for the proposed application.
Multi-component models were also developed to simulate the process kinetics and reactor
configurations for the simultaneous removal by adsorption of arsenic and gallium from wastewater.
However, in multi-component system where the adsorption mechanism can be very complicated and
uncertain due to the competition or interaction between different ions, first order adsorption rate does not
apply according to the experimental data fitting. Thus, the parameters used in this study may not
correspond exactly to the operation of a particular fabrication plant. Many aspects of these models are
generic and can be applied to other similar multi-component systems. The results show that for multi-
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component ionic systems, the adsorption of each component affects that of others through competition for
surface sites, surface charge effects, as well as the effect of charged ions and pH in the liquid phase. For
vastly different ions, like arsenic and gallium, the optimum reactor configuration is a two-stage fixed-bed
reactor system where each stage in series is operated at the optimum pH for adsorption of one type of
impurity (for example, positively or negatively charged). This configuration gives superior performance
in both the kinetics of adsorption, quality of treated water, and the sorbent system lifetime. The modeling
and parametric study in this work present a method of approach that is applicable and useful for the
design of new systems as well as for the optimization of operating conditions in an existing system.
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CHAPTER 7
FUTURE WORKS

This research is in the early stage of treating fabs wastewater contaminated by metallic compounds,
especially new III-V compounds such as gallium arsenide. Many questions have been raised but cannot be
answered at present due to lack of time. Some ideas concerning new areas to be explored are presented
below.

7.1 Removal by living algae
The experiments have been focused on algae biomass which have shown a great potential to remove
gallium from the simulated wastewater. The living algae toxicity tolerance tests also reveal the ability of
living algae to take in metallic components, especially arsenic which was adsorbed much less than
gallium by algae biomass. Finding optimum operation conditions such as pH and metal concentration for
algae survival and metal uptake may provide new option for the removal of metallic components.
The immobilization of living algae can be realized by entrapping them in calcium alginate beads.
Calcium alginate is one of the simplest cell immobilization mothed. However, calcium alginate gel beads
are not stable at pH 7.4 and above (Bajpai SK, Kirar N, 2016). The strategies for stabilizing calcium
alginate gel beads can be another direction to pursue.

7.2 Algae strain selection
Algae composition analysis methods has been developed in this study. By measuring and comparing
the concentrations of adsorbed metal in carbohydrate, protein and lipid, respectively, component X which
appears to be most efficient in adsorption can be determined. Then the strain containing more component
X is desired. On this basis, selection from existing strains or genetic manipulation for obtaining strain
with high content of component X can be conducted.

7.3 pH effect
The experimental results indicate that pH plays an important role in the adsorption process by
affecting the algae surface properties and the solution chemistry. However, the mechanism how pH
affects the adsorption process, or in another word, what chemical reactions occur during the process
remains uncertain. Several hypotheses have been brought up. But more experiments and tests need to be
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done to prove them. Understanding the mechanism can be very meaningful to the development of pHdependent mathematical models.

7.4 Competition and interaction in multi-component system
The chemical reactions occurring in multi-component system are much more complicated.
Introducing new ions into the system where algae were saturated with differently charged ions can cause
increased adsorption or desorption. It is possible that the new introduced ions themselves became
attractive to earlier adsorbed ions or competed with them for available surface sites. Without reasonable
explanations, specific models cannot be built and kinetic parameter cannot be determined. The interaction
between ions and sorbents need to be further investigated.
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APPENDIX A
SAFETY

Toxic chemicals
A lot of toxic or corrosive chemicals will be used in this research. To avoid touch to them, lab
coat, protective gloves and toe-covered shoes should be equipped any time when showing in the lab.
Preparation of the solvent solution for lipid extraction and use of concentrated acids must be
done under the hood.

Aqua Regia Digestion
Working with aqua regia requires extra care and the company of another lab member. In addition
of regular protection strategies, respirator, face mask, double acid resistant gloves, spill kit, eye wash
and emergency shower are indispensable.

Hazardous Waste Disposal
Waste culture containing heavy metals should be disinfected with bleach and then collected in
Hazardous Waste bucket. Element names, volumes and concentrations should be recorded on the tag
attached to the bucket.
Waste sulfuric acid and aqua regia should be stored in a labeled bottle and placed in the hood.
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APPENDIX B
MATLAB CODES

Dispersion coefficient
global CMin Dz R d p u L h V CM dCM
syms CM

CMin=1819.01/1000;
Dz=0.35;
d=1.6;
R=0.21;
L=50;
V=pi*R^2*L;
p=1-S/d/V;
u=L/tao;
h=30*60;

t=linspace(0,h,60);
z=linspace(0,L,60);

m=0;
sol=pdepe(m,@acepdefun,@aceic,@acebc,z,t);
CM=sol(:,:,1);

for i=1:length(t)
[CM_i,dCMdz_i]=pdeval(m,z,CM(i,:),50);
CMout(i)=CM_i*1000;
end
CMout
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figure(1)
subplot(211)
surf(z,t,CM)
title('Ga concentration profile')
xlabel('z(cm)')
ylabel('t(s)')
zlabel('Conc.(mg/ml)')
subplot(212)
plot(t,CMout)
title('breakthrough')
xlabel('t(s)')
ylabel('C/C_0')

x=[0 120 240 360 497 527 557 587 617 647 677 707 737 767 797 1097 1397 1697];
y=[0 -0.349373858 14.2544534 332.1515243 505.9751995 722.1946945 820.3687485 864.1702482
1015.186599 1065.915683 1286.397539 1454.233746 1477.871383 1671.331667 1734.348729
1794.253269 1812.740137 1755.075];

figure(2)
subplot(211)
plot(t(2:60),diff(CMout)./diff(t))
xlabel('Time, t(s)')
ylabel('Derivative of concentration with time, dC/dt(mg/l·s)')
subplot(212)
plot(x(2:18),diff(y)./diff(x))
scatter(x,y,'filled')

syms Ct(t) dC(t)
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cftool

%1812.74/(1+(a*exp(-b*x)))
%1812.74/(1+(791.2*exp(-0.01078*x)))

Ct(t)=1812.74/(1+(334.1*exp(-0.009971*t)));
dC(t)=diff(Ct(t));

for i=1:length(x)
C(i)=dC(x(i));
end

figure(3)
scatter(x,C,'filled')
xlabel('Time, t(s)')
ylabel('Derivative of concentration with time, dC/dt(mg/l·s)')
% -------------------------------------------------------------function [c,f,s]=acepdefun(z,t,C,dC)
global Dz u d p ka kd CA0
c=1;
f=Dz*dC-u*C;
s=0;
% -------------------------------------------------------------function C0=aceic(z)
C0=0;
% -------------------------------------------------------------function [pl,ql,pu,qu]=acebc(zl,Cl,zu,Cu,t)
global CMin Dz u
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pl=u*CMin;
ql=1;
pu=u/Dz*Cu;
qu=1/Dz;

Dynamic flow model (single component)
global ka kd S0 CMin Dz d p u R L h V S tao
ka=4.7e-08*1000;
kd=1.1e-05;
S0=14.085;
CMin=1521.63/1000;
Dz=0.11;
d=0.87;
R=0.21;
L=50;
V=pi*R^2*L;
S=2.5/6.9272*V;
p=1-S/d/V;
h=30*60;
tao=647;
u=L/tao;

t=linspace(0,h,600);
z=linspace(0,L,600);

m=0;
sol=pdepe(m,@Gapdefun,@Gaic,@Gabc,z,t);
CM1=sol(:,:,1);
for i=1:length(t)
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[CM1_i,dCM1dz_i]=pdeval(m,z,CM1(i,:),50);
CMout1(i)=CM1_i/CMin*100;
end

figure(1)
subplot(211)
surf(z,t,CM1)
title('Ga concentration profile')
xlabel('z(cm)')
ylabel('t(s)')
zlabel('CM(mg/mL)')
subplot(212)
plot(t,CMout1)
title('breakthrough')
xlabel('Time,t(s)')
ylabel('Dimensionless outlet concentration in liquid phase,C/C_0(%)')

x=[0,120,240,360,497,527,557,587,617,647,677,707,737,767,797,1097,1397]
y=[0,0.083463128,0.126837668,1.271662625,11.7551573,17.78290386,24.26082556,34.05492794,4
1.60341213,46.38118334,47.98538409,50.31775136,56.21274554,60.7637862,63.96101549,75.5354
4554,83.45261332]
figure(2)
scatter(x,y,'filled')
title('breakthrough')
xlabel('t(s)')
ylabel('Dimensionless outlet concentration in liquid phase,C/C_0(%)')
% -------------------------------------------------------------function [c,f,s]=Gapdefun(z,t,C,dC)
global Dz u d p ka kd S0
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c=[1;1];
f=[(Dz*dC(1)-u*C(1));0];
s=[(-1)*(d*(1-p)/p*(ka*C(1)*(S0-C(2))-kd*C(2)));(ka*C(1)*(S0-C(2))-kd*C(2))];
% -------------------------------------------------------------function C0=Gaic(z)
C0=[0;0];
% -------------------------------------------------------------function [pl,ql,pu,qu]=Gabc(zl,Cl,zu,Cu,t)
global CMin Dz u
pl=[u*CMin;0];
ql=[1;1];
pu=[u/Dz*Cu(1);0];
qu=[1/Dz;1];

FBR model (staged-reactor)
pH1=2.3;
pH2=8.5;
ka1=3.5e-06*1000;
ka2=2.2e-05*1000;
kd1=8e-05;
kd2=8.5e-04;
qmax=1;
CMin1=0.0015;
CMin2=0.0015;
Dz=0.122/100;
d=0.87;
L1=50;
L2=50;
L=L1+L2;
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h=10*7*24*60*60;
R=10;
V1=pi*R^2*L1;
V2=pi*R^2*L2;
V=pi*R^2*L;
S=2.5/6.9272*V/10;
p=1-S/d/V;
d=0.87;
Q=10/60;
tao=V*p/Q;
tao1=L1/L*tao;
tao2=L2/L*tao;
u=L/tao;
b=0.35;
c=1;
a1=b*log(pH1 + c);
a2=b*log(pH2 + c);
N=100;
t=linspace(0,h,600);
z=linspace(0,L,N);

m=0;
sol=pdepe(m,@Gapdefun_dual_pH,@Gaic_dual_pH,@Gabc_dual_pH,z,t);
CM1=sol(:,:,1);
CMout11=CM1(:,N/2)/CMin1;
CMout12=CM1(:,N)/CMin1;
CM2=sol(:,:,3);
CMout21=CM2(:,N/2)/CMin2;
CMout22=CM2(:,N)/CMin2;
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CM3=sol(:,:,2);
CMout31=trapz(z,CM3')/L1/qmax;
CMout32=trapz(z,CM3')/L/qmax;
CM4=sol(:,:,4);
CMout41=trapz(z,CM4')/L1/qmax;
CMout42=trapz(z,CM4')/L/qmax;

i=1;
while CMout12(i)*100 < 20
i=i+1;
end
t(i)/3600
j=1;
while CMout22(j)*100 < 20
j=j+1;
end
t(j)/3600

figure(11)
plot(t/3600,CMout12,'--o','Color',[0 0.45
0.74],'MarkerIndices',1:30:length(CMout11),'MarkerFaceColor',[0 0.45 0.74],'MarkerSize',3);
hold on
plot([0 t(i)/3600],[0.2 0.2],':','Color',[0 0.45 0.74]);
hold on
plot([t(i)/3600 t(i)/3600],[0 0.2],':','Color',[0 0.45 0.74]);
title('Component 1-outlet B-liquid')
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in liquid phase, C_1/C_0_1'})
legend('FBR outlet B case 0','Location','southeast')
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figure(12)
plot(t/3600,CMout22,'--o','Color',[0 0.45
0.74],'MarkerIndices',1:30:length(CMout11),'MarkerFaceColor',[0 0.45 0.74],'MarkerSize',3);
hold on
plot([0 t(j)/3600],[0.2 0.2],':','Color',[0 0.45 0.74]);
hold on
plot([t(j)/3600 t(j)/3600],[0 0.2],':','Color',[0 0.45 0.74]);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in liquid phase, C_2/C_0_2'})
legend('FBR outlet B case 0','Location','southeast')

figure(13)
plot(t/3600,CMout32,'--o','Color',[0 0.45
0.74],'MarkerIndices',1:30:length(CMout11),'MarkerFaceColor',[0 0.45 0.74],'MarkerSize',3);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in solid phase, C_s_1/S_0'})
legend('FBR reactor B case 0','Location','southeast')
figure(14)
plot(t/3600,CMout42,'--o','Color',[0 0.45
0.74],'MarkerIndices',1:30:length(CMout11),'MarkerFaceColor',[0 0.45 0.74],'MarkerSize',3);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in solid phase, C_s_2/S_0'})
legend('FBR reactor B case 0','Location','southeast')

% -------------------------------------------------------------function [c,f,s]=Gapdefun_dual_pH(z,t,C,dC)
global Dz u d p ka1 kd1 ka2 kd2 qmax L1 a1 a2
c=[1;1;1;1];
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f=[(Dz*dC(1)-u*C(1));0;(Dz*dC(3)-u*C(3));0];
if z > 0 & z <= L1
s=[(-1)*(d*(1-p)/p*(ka1*C(1)*(a1*qmax-C(2))-kd1*C(2)*C(3)));
(ka1*C(1)*(a1*qmax-C(2))-kd1*C(2)*C(3));
(-1)*(d*(1-p)/p*(ka2*C(3)*((1-a1)*qmax-C(4))-kd2*C(4)*C(1)));
(ka2*C(3)*((1-a1)*qmax-C(4))-kd2*C(4)*C(1))];
else
s=[(-1)*(d*(1-p)/p*(ka1*C(1)*(a2*qmax-C(2))-kd1*C(2)*C(3)));
(ka1*C(1)*(a2*qmax-C(2))-kd1*C(2)*C(3));
(-1)*(d*(1-p)/p*(ka2*C(3)*((1-a2)*qmax-C(4))-kd2*C(4)*C(1)));
(ka2*C(3)*((1-a2)*qmax-C(4))-kd2*C(4)*C(1))];
end
% -------------------------------------------------------------function C0=Gaic_dual_pH(z)
C0=[0;0;0;0];
% -------------------------------------------------------------function [pl,ql,pu,qu]=Gabc_dual_pH(zl,Cl,zu,Cu,t)
global CMin1 CMin2 Dz u
pl=[u*CMin1;0;u*CMin2;0];
ql=[1;0.001;1;0.001];
pu=[u/Dz*Cu(1);0;u/Dz*Cu(3);0];
qu=[1/Dz;0.001;1/Dz;0.001];
end

CSTR model (staged-reactor)
pH2=2.3;
pH1=8.5;
ka1=3.5e-06*1000;
ka2=2.2e-05*1000;
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kd1=8e-05;
kd2=8.5e-04;
qmax=1;
CMin1=0.0015;
CMin2=0.0015;
Dz=0.00122;
d=0.87;
L1=50;
L2=50;
L=L1+L2;
h=10*24*7*60*60;
R=10;
V1=pi*R^2*L1;
V2=pi*R^2*L2;
V=pi*R^2*L;
S=2.5/6.9272*V/10;
p=1-S/d/V;
d=0.87;
Q=10/60;
tao=V*p/Q/3600;
tao1=L1/L*tao;
tao2=L2/L*tao;
u=L/tao;
b=0.35;
c=1;
a1=b*log(pH1 + c);
a2=b*log(pH2 + c);

f=@(t,C,dC)[dC(1)-Q*(CMin1-C(1))/p/V1+0.87*(1-p)/p*dC(2);
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dC(2)-ka1*C(1).*(a1*qmax-C(2))+kd1*C(2).*C(3);
dC(3)-Q*(CMin2-C(3))/p/V1+0.87*(1-p)/p*dC(4);
dC(4)-ka2*C(3).*((1-a1)*qmax-C(4))+kd2*C(4).*C(1);
dC(5)-Q*(C(1)-C(5))/p/V2+0.87*(1-p)/p*dC(6);
dC(6)-ka1*C(5).*(a2*qmax-C(6))+kd1*C(6).*C(7);
dC(7)-Q*(C(3)-C(7))/p/V2+0.87*(1-p)/p*dC(8);
dC(8)-ka2*C(7).*((1-a2)*qmax-C(8))+kd2*C(8).*C(5)];
t0=0;
C0=zeros(8,1);
fix_C0=ones(8,1);
dC0=zeros(8,1);
fix_dC0=zeros(8,1);
[C02,dC02]=decic(f,t0,C0,fix_C0,dC0,fix_dC0);
tspan=[0,h];
[t,C]=ode15i(f,tspan,C02,dC02);

i=1;
while C(i,5)/CMin1*100 < 20
i=i+1;
end
t(i)/3600
j=1;
while C(j,7)/CMin2*100 < 20
j=j+1;
end
t(j)/3600

figure(1)
c12=plot(t/3600,C(:,5)/CMin1);
93

hold on
plot([0 650],[0.2 0.2],':','LineWidth',1,'Color',[0 0.45 0.74]);
hold on
plot([650 650],[0 0.2],':','Color',[0 0.45 0.74]);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in liquid phase, C_1/C_0_1'})
legend('CSTR outlet B case 0','Location','southeast')

figure(2)
c22=plot(t/3600,C(:,7)/CMin2);
hold on
plot([0 513],[0.2 0.2],':','Color',[0 0.45 0.74]);
hold on
plot([513 513],[0 0.2],':','LineWidth',1,'Color',[0 0.45 0.74]);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in liquid phase, C_2/C_0_2'})
legend('CSTR outlet B case 0','Location','southeast')

figure(3)
c32=plot(t/3600,(C(:,2)+C(:,6))/2/qmax);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in solid phase, C_s_1/S_0'})
legend('CSTR outlet B case 0','Location','southeast')

figure(4)
c42=plot(t/3600,(C(:,4)+C(:,8))/2/qmax);
xlabel('Time, t(h)')
ylabel({'Dimensionless concentration'; 'in solid phase, C_s_2/S_0'})
legend('CSTR outlet B case 0','Location','southeast')
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APPENDIX C
MATHEMATICA CODES

Needs["ErrorBarPlots`"]
Time = 60*{0, 15, 30, 45, 60, 90, 120, 240, 360, 600, 1440}; Gsingle =
1/70*{{2647.94, 2495.43, 2220.24, 1943.87, 1909.59, 1634.11,
1337.32, 795.7, 676.49, 356.89, 332.52}, {2647.94, 2271.12,
2113.35, 1667.53, 1546.59, 1529.21, 1382.17, 958.68, 754.12,
412.29, 409.25}, {2647.94, 2083.9, 1783.63, 1570.27, 1528.55,
1433.68, 1277.27, 795.7, 593.15, 356.89, 332.52}};
Gmean = Mean[Gsingle];
Gerror = StandardDeviation[Gsingle];
GwithError = Transpose[{Time, Gmean, Gerror}];

S = 50; S0 = 0.1788; ka = 0.2507*7*10^-07; kd = 7*10^-07; C0 = 2500/70;
system = {x'[t] == -(S (x[t]^2 ka (S0 - (C0 - x[t])*0.004))),
y'[t] == -(S (y[t] 4.465*10^-06 (14.085/70 - (C0 - y[t])*0.004)))};
initialvalues = {x[0] == 2647.94/70, y[0] == 2647.94/70};
sol = NDSolve[Join[system, initialvalues], {x, y}, {t, 0, 3600}];
n = Plot[x[t] /. sol, {t, 0, 3600}, PlotRange -> {18, 40},
PlotStyle -> {Dotted, RGBColor[0, 0, 0], Thickness[0.003]},
PlotLegends -> Placed[Style["\[Ellipsis] 2nd order", 16], Center],
Frame -> {{Automatic, None}, {Automatic, None}},
FrameLabel -> {Style["Time, t (s)", 16],
Style["Concentration, C (mmol/l)", 16]}, FrameTicks -> Automatic,
FrameTicksStyle -> 16];
m = Plot[y[t] /. sol, {t, 0, 3600}, PlotRange -> {18, 40},
PlotStyle -> {RGBColor[0, 0, 0], Thickness[0.003]},
PlotLegends -> Placed[Style["- 1st order", 16], Center],
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Frame -> {{Automatic, None}, {Automatic, None}},
FrameLabel -> {Style["Time, t (s)", 16],
Style["Concentration, C (mmol/l)", 16]}, FrameTicks -> Automatic,
FrameTicksStyle -> 16];
GwithError1 = Extract[GwithError, {{1}, {2}, {3}, {4}, {5}}];
Show[n, m,
ErrorListPlot[GwithError1,
PlotLegends ->
Placed[Style["\[CenterDot] Experimental data", 16], Center]]]

system = {x'[t] == -(S (x[t]^2 ka (S0 - (C0 - x[t])/S) - kd*(C0 - x[t])/S)),
y'[t] == -(S (y[t] 4.465*10^-06 (14.085/70 - (C0 - y[t])/S) - 1.3*10^-05*(C0 - y[t])/S))};
initialvalues = {x[0] == C0, y[0] == C0};
sol = NDSolve[Join[system, initialvalues], {x, y}, {t, 0, 86400}];
n = Plot[x[t] /. sol, {t, 0, 86400}, PlotRange -> All,
PlotStyle -> {Dotted, RGBColor[0, 0, 0], Thickness[0.003]},
PlotLegends -> Placed[Style["\[Ellipsis] 2nd order", 16], Center],
Frame -> {{Automatic, None}, {Automatic, None}},
FrameLabel -> {Style["Time, t (s)", 16],
Style["Concentration, C (mmol/l)", 16]}, FrameTicks -> Automatic,
FrameTicksStyle -> 16];
m = Plot[y[t] /. sol, {t, 0, 86400}, PlotRange -> All,
PlotStyle -> {RGBColor[0, 0, 0], Thickness[0.003]},
PlotLegends -> Placed[Style["- 1st order", 16], Center],
Frame -> {{Automatic, None}, {Automatic, None}},
FrameLabel -> {Style["Time, t (s)", 16],
Style["Concentration, C (mmol/l)", 16]}, FrameTicks -> Automatic,
FrameTicksStyle -> 16];
Show[n, m,
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ErrorListPlot[GwithError,
PlotLegends ->
Placed[Style["\[CenterDot] Experimental data", 16], Center]]]
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APPENDIX D
COMSOL SETTINGS

FBR model (staged-reactor)
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CSTR model (staged-reactor)
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