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ABSTRACT

PRODUCT YIELD AND EXERGY ANALYSIS OF BISPHOSPHONATE
SYNTHESIS AND MEDICAL DRUG PRODUCTION PROCESSES

Introduction of the waste of the pharmaceutical industry to the biosphere creates unusual
potential disease patterns. Achieving the active pharmaceutical ingredient (API) production
by utilizing the minimum energy and generating as little waste as possible are among the
reasonable cleaner production practices. Zoledronic acid is the APl of some bone-disease
drugs. It is synthesized via the reaction of 1h-imidazole-1-yl- acetic acid hydrochloride with
phosphorous acid and phosphorous halogen at moderate temperatures. The product is later
separated by crystallization in water. Since the concentration of API is very low in the
finished product, batch amount of API is chosen as 50 g. Chemical processes are generally
investigated to determine the most convenient production procedures and equipment. In the
studies performed in small scale set up, it is important to foresee an upscale design. Exergy
utilization is among the considerations in process design and there is almost no information
available in the literature yet, regarding the exergy analysis of the production processes of
pharmaceuticals. During the chemical synthesis of zoledronic acid under GMP (good
manufacturing practice) conditions, the most energy consuming step was found to be
crystallization. On the other hand, the most energy consuming step during sterile finished
product manufacturing was filling, followed by sterilization of the primary packaging
equipment and the materials, and the operation of the HVAC system. The initial cumulative
degree of perfection (CDP) was calculated to be 1.47 x 102 per cent for the API synthesis,
however exergy efficiency of the synthesis process to 2.29 x 1072 per cent with increasing
the yield through process optimization. The CDP of the finished product was 17 per cent and
75 per cent before and after packaging of the finished product, respectively. Synthesis at the
maximum attainable conversion ratio and the highest exergy efficiency assures minimum

waste generation.



OZET

BISFOSFONAT SENTEZ VE MEDIKAL ILAC URETIMINDE URUN VERIMI VE
EKSERJI ANALIZI

flag atiklarinin biosfere verilmesi, alisilmadik sablondaki  hastaliklarin olusmasini
tetiklemekte. aktif farmasdtik bilesen (API) liretimini minimum enerji harcayarak ve az atik
tiretecek sekilde yapmak da, makul olan daha temiz iiretim uygulamalarindan. Zoledronik
asit, kemik hastaliklarinda uygulanan ilaglarin aktif famasotik birlesenidir. 1h-imidazol-1-
yl- acetik asit hidroklorit ile fosforus asitin, fosforus halojen valiginda orta dereceli
sicakliklarda  gerceklesen  reaksiyonundan — sentezlenmektedir. Uriin  reaksiyon
solusyonundan, sudaki kristalizasyon ile ayrilir. Aktif farmasotik bilesen miktarin bitmis
rtindeki varligi diistiniildiigiinde, API parti miktar1 olarak 50 g se¢ilmistir. Kimyasal
tiretimlerdeki incelemeler, genellikle en uygun liretim metodu ve ekipmanlarin sec¢ilmesi igin
yapilir. Bu calismalarda, kii¢iik 6lgekli bir kurulum, bliylik 6lcege gecerken yapilacak
ongorii i¢in Onemlidir. Ekserji kullanimi, iiretim siirecinin tasarimi ic¢in kullanilan
hususlardan olup, famasoétik kimyasallarin tiretimi iizerine yapilmis bir ekserji analizi ile
ilgili literatiir bilgisine heniiz neredeyse hi¢ rastlanmamaktadir. Iyi imalat uygulamalari
(GMP) altinda gerceklestirilen, zoledronik asitin kimyasal sentezinde, en fazla enerji kayba,
kristalizasyon adiminda ger¢eklesmektedir. Ayrica, steril bitmis iiriin {iretimine ait en fazla
enerji harcayan adimlar, dolum, takibinde birincil ambalaj ekipman ve malzemelerinin
sterilizasyonu ve steril alam1 olusturmak i¢cin HVAC sisteminin calismasidir. API sentez
adimi igin birinci kiimiilatif miikemmellik derecesi (CDP) yiizde 1.47 x 102 iken, ekserji
verimliligi, islem optimizasyonu ile artan iiriin verimini hesaba katarak, yiizde 2.29 x 107
olarak bulunmustur. Bitmis iiriin icin ise, CDP, ambalajlama oOncesi yiizde 17 ve
ambalajlama sonrasi ylizde 75 olarak hesaplanmistir. Elde edilen en yliksek konversiyon

orani ve ekserji verimi, atik olusumu i¢in minimum degeri saglamaktadir.
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1. INTRODUCTION

Bisphosphonates are being known since 19" century, where the first synthesis was
performed in Germany in 1865 [1]. They were initially used in the industry as calcium
carbonate precipitation inhibiting agents and preventers of scaling. They can act as
sequestering agents for calcium and because of this feature they are called as ‘water
softeners’. They particularly can inhibit calcium carbonate precipitation, similar to
polyphosphates. Water installations benefit this feature to prevent scaling. [2]. First
biological activities of these substances were presented in 1968 by Fleisch and coworkers
[3]. The studies of Fleisch was inspired from pyrophosphates which were found in plasma
and urine. They found that these compounds inhibit calcium phosphate precipitation by
binding to hydroxyapatite which is calcium compound existing in bone and teeth structure
and so inhibiting its dissolution [4]. However they were destroyed locally by phosphatases
and were not stable in the body. Because of this, Fleisch searched analogs compounds that
were not destroyed enzymatically [1, 5]. The bisphosphonates was the ones which fulfilled

these conditions.

Pyrophosphates and bisphosphonates differ in their structure with the substitution of an
oxygen atom by the carbon which connecting two phosphates. Hydroxyapatite which is a
mineral form of calcium apatite creating a high affinity for bisphosphonates [6]. The calcium
ions in hydroxyapatite chelated by the oxygen atoms of phosphate [7]. This creates an ideal
target for treating diseases associated with bones and teeth since hydroxyapatite is unique to

these tissues [8].

Zoledronic acid is a bisphosphonate derivative, which is also known as zoledronate, works
to decrease the amount of calcium released from the bones into the blood. By this future it
increases the bone density (thickness) by slowing down the bone breakdown. Biological
usage of bisphosphonates dates back to 1990s [1]. It is used for treating osteoporosis as well
as to prevent skeletal fractures in patients with cancers such as multiple myeloma and
prostate cancer. It can be helpful for treating pain from bone metastases and used to treat
hypercalcemia of malignancy. It is indicated for the treatment of patients with multiple
myeloma which is a cancer type of malignant plasma cells and used in conjunction with

standard antineoplastic therapy and in patients with bone metastases from solid tumors [9].



Zoledronic acid may be used also to prevent repeated fractures in patients diagnosed hip

fracture with its annual dosage [10].

The purpose of the first part of this study is to synthesis zoledronic acid and to produce
parenteral preparations as injections ready to be used. In the scope of this study, firstly the
molecule will be synthesized and the finished pharmaceutical forms will be developed. From
the molecule to the finished product, the process will be defined. The success of this project
will result discernible advantages in preventing bone fractures in post-menopausal period of
women and in cancer patients and will reduce health expenses by resolving the long and
hard treatment periods contributing to government health budget. This part of the study will

be carried out in Atabay Pharmaceuticals and Fine Chemicals Inc. Laboratories.

Products of the innovator company Novartis are in the market serving as preventer of bone
breakdown caused by oncological or non-oncological reasons. Sales for 2010 reached 2
billion $ and expected sales will reach 3 billion $ until 2017. Patents of the company covering
different indications for example usage in cancer patients for bone strengthening, in post
menopausal osteoporosis and in breast cancer treatment in Europe and USA, have expired
in 2013, eliminating patent violation due to production and being in the market. It should be
noted that production of such pharmaceuticals economically contributes to our country by

preventing the outflow of foreign currency.

Another aspect of the study is, as a chemical process, it is necessary to evaluate energy
consumption and savings, for the selection of production process and the equipment used.
For this purpose exergy tool is used. Exergy loss during the process is calculated for
zoledronic acid synthesis and for finished product manufacturing. Losses are caused by
irreversibilities such as, heat transfer at AT > 0, mixing, reaction and from other external
losses by means of not utilized systems, like wasted cooling and heating streams, exhaust

gases etc.

The theoretical background section gives the basic information on the chemistry,
mechanisms of action, toxicity and uses of bisphosphonates in different diseases including
cancer in general and for zoledronic acid as the bisphosphonates used in this study.
Chemicals, equipment and methods used for the analysis of zoledronic acid is given in
materials and methods section. Experimental section includes details of each trial for the
synthesis of zoledronic acid. In results and discussion part, experimental results and exergy



results are discussed. As a final part, conclusions on zoledronic acid synthesis and finished

dosage form production and exergy evaluations are given.



2. THEORETICAL BACKGROUND

Bisphosphonates are synthetic analogs of inorganic pyrophosphate molecules, an
endogenous regulator of bone mineralization. When hydroxyapatite on bone surfaces
undergoing remodeling, bisphosphonates could bind to these molecules due to their ability
to chelate calcium ions [11]. Radioactive labelling studies show that bisphosphonates are
present in endocytic vacuoles which are cellular membrane-bound compartments filled with
extracellular compounds such as water, inorganic and organic molecules including enzymes
[12] and other organelles in osteoclasts [13]. Radioactive labelling in calvarial cells which
are belonging to the upper part of the skull, also shows that bisphosphonates could enter to
different organelles of bone cells such as cytoplasm and as well as mitochondria [14]. This
feature of bisphosphonates is thought to impair the action of osteoclasts. Osteoclasts are cells
in charge with resorbing bone by removing bone mineralized matrix and breaking up the
organic part. Besides their effects on mature osteoclasts, bisphosphonates are found also
effective on osteoclast precursor cells, by preventing the recruitment, differentiation, and
fusion of osteoclast precursors [15].

2.1. CHEMISTRY OF BISPHOSPHONATES

Bisphosphonates have two P-C bonds linked to single carbon atoms and are used clinically
as medicines for bone diseases. They are stable chemical derivatives of pyrophosphates
which are found widely in the nature. The simplest type of pyrophosphates is inorganic
pyrophosphate (PPi). This compound has lightened the way of the discovery of

bisphosphonates as a circulating endogenous ‘water softener’ in the body [16]. (Figure 2.1)

The P-C-P part of the structure allows a great number of possible alterations.
Physicochemical, biological, therapeutic, and toxicological characteristics could undergo
alteration caused by small changes in the structure of the bisphosphonates. Many
bisphosphonates have been studied in humans with respect to their effects on bone, and eight

of them are commercially available today which are used for treatment of bone diseases [17].

The structural difference of bisphosphonates from pyrophosphate is reasoned by two
additional side-chains attached to the central (geminal) carbon atom, represented as R: and

R2 in Figure 2.1. The synthesis of wide range compounds of same family with different



properties could be achieved with different numerous substitutions of these side-chains. The
feature of calcium affinity of BPs generally related with hydroxyl substitution at Rj.
Nitrogen atom presence in Rz on the other hand determines mechanisms of action of BPs.
They are effective on reducing bone resorption and they have also additional
pharmacological properties that makes BPs unique when compared with other medications
used in osteoporosis which is a disease that causes bones to become weaker and to easily
fracture. The treatment comprised of selective uptake and long-term residence of BPs in the
skeleton [9].
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Figure 2.1. Molecular structures of bisphosphonates [9].

To understand their mechanisms firstly BPs behavior in the body is studied. When they
administred to the body, they are taken up by the skeleton, mainly at active remodeling sites,
and in such a way they can bound to bone mineral strongly. In the studies performed with
BPs, mouse bone and human bone particles showed that the presence of an OH substitution

in Ry increases the binding of BPs to bone mineral independently of R» structure [18].

The effet of OH substitution is assumed due to the tridentate binding of hydroxyl-substituted
bisphosphonates to calcium. Considering this effect clinically effective BPs have mostly an

OH substitution in R1. However when other substitutions such as Cl or H are participated in



the molecule at R: provide bidentate binding to calcium crystals, or lack of R1 group
molecules such as clodronate and tiludronate are found as they have significantly lower
binding affinities [6].

In line with previous studies, investigators found that among hydroxyl-substituted BPs,
clodronate with the lowest kinetic affinity constant was the weakest inhibitor of
hydroxyapatite growth rate. However studies among hydroxyl-substituted bisphosphonates
zoledronate was observed like the most potent inhibitors of the growth of hydroxyapatite
crystals, with 35% difference in its binding affinity from those of ibandronate and
risedronate. Considering these results according to their binding affinities, the
bisphosphonates are ranked as follows: zoledronate > alendronate > ibandronate >
risedronate > etidronate > clodronate [9].

2.2. MECHANISMS OF ACTION

Bone resorption is the breakdown process of the bones by osteoclast cells. Bisphosphonates,
are delivered to osteoclasts by a specific release mechanism after accumulation in bone
tissues. The environment of the space between the bone and osteoclasts during resorption
has acidic property. This acidic property causes the release of the bound bisphosphonates
and in that way they start to accumulate and up taken via fluid-phase endocytosis [13, 19].
A proton pump in the membrane of osteoclast cells which is in charge with bone resorption
process is generating this acidic environment [20, 21]. Upon uptake by osteoclasts, inhibitory
activity of bisphosphonates comes out through two main mechanisms, which are structure-

dependent. (Figure 2.2)

The first-generation bisphosphonates are the ones that do not contain nitrogen atoms in their
structure. Some of them such as etidronate and clodronate act as analogs of pyrophosphates.
They are metabolized to a cytotoxic analog of ATP, adenosine-5'-(8,y-dichloromethylene)-
triphosphate (AppCp). The mitochondrial adenine nucleotide translocase (ANT) is inhibited
by this compound and apoptosis is triggered ultimately [22, 23]. 10-100-folds more potent
inhibitors than the first-generation bisphosphonates have a nitrogen atom in an alkyl chain
in their structure, some examples are alendronate or pamidronate (Figure 2.1). Their studies
prove that their inhibition effect on bone resorption is through the mevalonate pathway

(Figure 2.2) [24]. This pathway is used in prenylation, to synthesis proteins such as Rho,



Rac, Ras, or Rab which are important for cytoskeletal organization and cell morphology.
Osteoclast cell activity is directly affected by prenylation. If this pathway is disrupted the

activity of osteoclasts is decreased and even apoptosis occurs [25].

Pamidronate, risedronate, ibandronate, alendronate and zoledronate are some of nitrogen-
containing BPs (N-BPs) which are not metabolised to AppCp-type nucleotides like simple
BPs. According to preclinical models, N-BPs are also considerably more potent inhibitors
of bone resorption than the simple BPs [26]. The mechanism of action of N-BPs was firstly
appeared in 1992. First clues depend on the studies of Amin et al., 1992. In a macrophage
study, they have reported that, the N-BPs ibandronate and incadronate have inhibition effects
on the squalene synthase and on enzymes in cholesterol biosynthesis pathway (the

mevalonate) [27].
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Figure 2.2. Mechanisms of action of bisphosphonates [16]

Mevalonate pathway is primarily in charge with the cholesterol and farnesyl diphosphate
(FPP) and geranylgeranyl diphosphate (GGPP) synthesis which are isoprenoid lipids. Such
isoprenoid lipids are used as building blocks for the synthesis of a different metabolites,
including dolichol and ubiquinone [28]. Isoprenoid lipids are also required for prenylation
of proteins (Figure 2.3) [29].

The prenylation process comprise of combination of isoprenoid groups, which are comprised

of 15-carbon chain for FFP and 20-carbon chain for GGPP, with carboxy-terminal motifs of



targeted protein from its cysteine residue [30]. The farnesylated and modified proteins
obtained with geranylgeranyl group [11] contains up to 2% of mammalian proteins. They
are part of predominantly small GTPase signaling proteins and nuclear lamins
phosphodiesterase subunits. For these proteins to function correctly, prenylation is needed
because with this process membrane anchor sides are generated to allow the proteins
parcipitated in cell membranes, and this process is also part of their interactions with such
proteins like regulatory GAPs and GDIs [30]. These GTPases are like molecular switches
when they have prenylated, because of that their activity are important and should be strictly
controlled. Unprenylated small GTPases are accumulated in their active (GTP-bound) state
after N-BPs exposure to the cells according to recent studies. This accumulation causes
activation of downstream signaling kinases in an inappropriate way [32]. The process of
prenylation in cultured cells are studied by measuring FPP, GGPP or the radiolabeled
mevalonate incorporation with both farnesylated and geranylgeranylated proteins (Figure 3)
[11].

Farnesyl diphosphate (FPP) and geranylgeranyl diphosphate (GGPP) are needed for
prenylation of proteins which are fundamentals for osteoclast cell survival and function.
Nitrogen-containing bisphosphonates are inhibiting prenylation of FPP synthase, thereby
preventing the synthesis of FPP and GGPP [11].

There are numerous studies confirming that in vitro proving that N-BPs (10 uM zoledronate
or 100 uM risedronate or alendronate) inhibit the incorporation of mevalonate into
prenylated small GTPase proteins in purified osteoclasts [33, 34] and in vivo prevent protein
prenylation in osteoclasts [22, 34, 35]. Besides in vitro studies, Fisher et al., shown in vivo
that N-BPs have effects on the mevalonate pathway of osteoclast cells. In a rat study in which
animals are treated with N-BPs showed HMG-CoA reductase are in suppressed levels in
osteoclasts, assumed because of the feedback regulation in the mevalonate pathway [36].
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Figure 2.3. Mevalonate pathway representation[11]

The prenylation of small GTPases could be indirectly blocked with the inhibition of the
synthesis of FPP and GGPP by interfering proximal enzymes of mevalonate pathway for
example N-BPs induced HMG-CoA reductase inhibition or FPP synthase inhibition [30].
Benford et al. aiming N-BP actions using J774 macrophages, concluded with the simple BPs
(i.e. clodronate and etidronate) has no effects on mevalonate pathway whereas used N-BPs
prevent the mevalonate incorporation into both farnesylated and geranylgeranylated proteins
[26].

Some important signaling proteins such as families of those the Ras, Rho, Rac, Cdc42 and
Rab are prenylated small GTPases. These proteins regulate different cell processes which
are responsible for function in osteoclast cells [31]. The effects of N-BPs on osteoclasts are
proved that they have inhibition effect on the mevalonate pathway [25], achieving this effect
by the loss of prenylated proteins (and loss of downstream signaling) and/or accumulation
of unprenylated proteins (and downstream signaling pathways caused by inappropriate
activation). For example, in vitro or in vivo studies show the relate absence of in ruffled
border in osteoclasts treated with BPs with the inhibition of prenylation of Rho, Rac or
Cdc42 [37]. Since cytoskeletal organization in osteoclasts needs Rho, Rac and Cdc42 [31],
with the loss of prenylation as a characteristic result of BP treatment of these small GTPases.
For vesicular trafficking, Rab GTPases are essential regulators. Several of these molecules
are known to be needed for osteoclast function [38, 39, 40]. Lack of these proteins
prenylation would therefore affect formation of the ruffled border in osteoclasts, trafficking

of lysosomal enzymes and transcytosis of degraded bone matrix [41]. When subjected to
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high concentrations of N-BP (G), apoptosis in osteoclast cells occur with the disruption of
downstream signaling. This disruption occurs with the loss of prenylation of small GTPases

such as Rac in the pathways which promote cell survival [42].

Bisphosphonates are widely used and found clinically effective in different bone diseases
due to their inhibitory effect on bone resorption [43] (Fig 2.4). Bisphosphonates are also
used as bone targeting agents to deliver other drugs [44, 45, 46]. Their liposomal
formulations are found to inhibit macrophage growth which in turn inhibits of restenosis and
induces apoptosis in tumor-associated macrophages and monocytes [47, 48].
Bisphosphonates are also used to coat and stabilize nanoparticles [49, 8] and as linkers
between a delivery system and different targeting moieties [50, 51]. They can also be used

as bone coating agents since they enhance bone formation around implants [52, 53].
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Figure 2.4. Biomedical applications of bisphosphonates [43].

23. TOXICITY

For the patients suffering severe renal insufficiencies, recommended dose for zoledronic acid
could not be proper and dose modifications could be required, since the molecule has been
associated with deterioration of renal function. For minimizing the side effects of osteoclast
inhibitors some considerations could be taken into account such as, giving attention to dental
health of the patient selected, supplementation with calcium and vitamin D, and monitoring

of laboratory values effectively [54].
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Studies performed for cardiovascular effects of BPs show that they have no significant
effects. For example, an electrocardiography study by Camm, (2010) is performed on
zoledronic acid administrated patient group versus placebo. No significant differences are
observed between two patient groups after third year of the administration. There were not
significant differences between the groups in terms of cardiovascular deaths, stroke, and
other non-arrhythmia cardiovascular adverse events. However arrhythmia was observed as
more common in the zoledronic acid group than in the placebo group (6.9% vs 5.3%; P=
0.003) [55].

2.3.1. Hypocalcaemia

Hypocalcaemia is the event of presence of low serum calcium levels in the blood. Amino
group containing bisphosphonates are used as potent inhibitors of bone resorption. So, amino
BPs can stimulate the decrease in calcium levels in circulation, particularly at sudden high
concentrations resulted from intravenous administrations. This feature caused symptomatic
hypocalcaemia frequently encountered in patients treated with intravenous zoledronate,
particularly for the indications and doses for oncology [56]. This adverse effect is more
common in patients having some risk factors such as hypoparathyroidism occurred before,
kidney failure and vitamin D deficiency. Administrations in such patients should be in
controlled manner with post-infusion controls and precautions should be taken. For oral
administration hypocalcaemia was encountered weeks after the start of treatment but rarely
[57].

2.3.2. Atrial Fibrillation

Atrial fibrillation is heart rhythm disorder. This unexpected adverse effect firstly observed
during the results evaluation from a clinical trial performed with intravenously administered
zoledronate, for osteoporosis treatment-the HORIZON study with frequency of once a year.
Atrial fibrillation is seen in the patients treated with the pharmaceutical as defined “serious”
in higher ratio than the placebo group (absolute risk: 1.3% against 0.5%; P<.001), but results
were not different between the two groups when overall incidence of atrial fibrillation is

considered [58]. The timing of serious adverse events did not correspond with drug
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administration or the pharmacokinetic profile of the drug. Preclinical and other clinical trials
of zoledronic acid for the treatment of osteoporosis or other indications did not identify an

effect on atrial fibrillation adverse effects [55].

2.3.3. Osteonecrosis of the Jaws

Osteonecrosis of the jaw, commonly called ONJ, occurs when the jaw bone is exposed and
begins with starving of bone because of insufficient blood supplied. In osteonecrosis
(osteo meaning bone and necrosis meaning death), the bone begins to weaken and die, and
this process not always causes pain however usually it is a painful phenomenon. ONJ is
associated with cancer treatments (including radiation), infection, steroid use, or potent
antiresorptive therapies that help prevent the loss of bone mass [59].

Osteonecrosis on the jaw as a bone disease encountered in patients diagnosed with cancer
and treated with ABPs in 2002. After the FDA notices with this failure various articles

published in medical journals [60, 61, 62, 63] and also in general newspapers [57].

After zoledronate treatment in dogs, non-viable osteocytes accumulation and suppressed
cortical remodeling have been observed, in the jaws with areas of necrosis of the matrix.
These results could help to understand the delays in healing and infections observed after
the tooth extractions [64].

Considering that millions of patients have been prescribed bisphosphonates for the treatment
of osteoporosis, the relative prevalence of osteonecrosis on the jaw in these patients was low.
Old age more than 60 years, female sex, and previous invasive dental treatment were the

most common characteristics of patients who developed osteonecrosis on the jaw [65].

2.4.  BISPHOSPHONATES IN OSTEOPOROSIS AND BONE DISEASES

Zoledronic acid is administered to the patients intravenously (4 mg in 100 ml 0.9% saline
over 15 min), of which plasma peak is cleared from the circulation after a few hours [66].
Plasma concentration levels could be detectable within a week after administration, however

fall to less than 1% of the concentration at the end of the infusion within a 24 hours [67].
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The half-life in bone however, could be measurable in years with ongoing biological activity

after a single dose for at least 3 years [68].

Bisphosphonates are known as well-recognized inhibitors of osteoclastic activity and
because of that they are preferred therapeutic options for various systemic metabolic bone
diseases [43]. Current main indications of bisphosphonates include Paget’s disease,
hypercalcemia of malignancy and post-menopausal osteoporosis [69, 70, 71].
Bisphosphonates are being investigated for the treatment of fibrous dysplasia [72],
osteoarthritis [73] and rheumatoid arthritis [74].

Considering their effects on bone tissue, oral bisphosphonate therapy became the key
element of pharmacological management for patients with osteoporosis for last 15 years.
According to the studies performed as randomized controlled trials, bisphosphonates can
decrease fracture incidence by 16 to 47% depending the fracture site and the chosen agent
[75]. For example alendronate as a generic has been the initial treatment offered for bone
diseases in UK similar to other countries of which usage also supported by National Institute
for Health and Clinical Excellence (NICE) technical appraisals. In a recent meta-analysis,
Wilkes et al. showed that in medicated patients as followed up in large scale observational
cohorts a decrease in fracture incidence is achieved when compared to that resulted in

randomized controlled trials. [76].

Bisphosphonates were studied on human bone marrow stromal cells (BMSC) for their
proliferation and osteogenic differentiation. BMSC support the function of bone marrow
cells which are the flexible tissue placed in the interior of bones. In a study, BMS cells are
collected from patients complaining end-stage degenerative joint disease and because of that
went through primary total hip arthroplasty. Collected cells were investigated as two groups
one of the cell group is treated with a bisphosphonate (alendronate, risedronate, or
zoledronate) and other group is remained as control group. Both groups are analyzed over
21 days of culture. Direct cell counting is used to detect cell proliferation. Osteogenic
differentiation of BMSC was assessed with alkaline phosphatase bioassay and gene
expression was analyzed. Bisphosphonate treated group results showed an enhanced
proliferation of BMSC after 7 and 14 days of culture. Steady-state mMRNA levels of key genes
were generally increased by bisphosphonate treatment in a type and time dependent manner.

Gene expression levels varied according to differences in donors. This study states that using
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a clinically relevant in vitro model bisphosphonates is found to enhance proliferation of
BMSC and initiate osteoblastic differentiation [77].

In another study the efficacy of bisphosphonates with postmenopausal women osteoporosis
are evaluated for the prevention of vertebral, hip, and nonvertebral-nonhip fractures. In this
study eight randomized placebo controlled group the effects of zoledronic acid (1 study),
alendronate (3), ibandronate (1), risedronate (2), and etidronate (1) are studied in terms of
bone fractures with a systematic literature search through a follow-up of 3 years (or 2 years
if used for registration purposes). The study concludes that among the available
bisphosphonates for osteoporosis, zoledronic acid has the highest probability of offering the

best overall fracture protection [78].

A nonclinical study is performed to investigate the effects of bisphosphonates on osteoblast
viability and function was performed in vivo. For proliferation and cell control the enzyme
activities and cell numbers of osteoblast cells are measured with enzyme linked assays in 24,
48, and 72 hours. It is found that cell viability is decreased as drug concentration is increased
revealing the cytotoxicity of these molecules in high concentrations. However in lower
concentrations they have therapeutic benefits without the cytotoxic effects which may result

in osteonecrosis, proving increase in transforming growth factor of osteoblast cells [79].

Increasing evidences are showing zoledronic acid, a nitrogen-containing bisphosphonate (N-
BP), can inhibit tumor cells by blocking the enzyme farnesyl pyrophosphate synthase in the
mevalonate pathway (MVP). It is believed that resulted accumulation of unprenylated
proteins caused by the cytotoxic effects of zoledronic acid. FPPS inhibition cause also
accumulation of isopentenyl pyrophosphate and the apoptotic ATP analog, nevertheless the
role of this mechanism as a cytotoxic action of bisphosphonates is not so clear. It is because
the treatment with mevalonate pathway intermediates has been shown that via rescuing

protein prenylation they could overcome N-BP-induced apoptosis [80].

Although BPs have been used clinically for many years before their mechanism of action
was known entirely, it is now well studied. Bisphosphonates are directly binding to
mineralized bone surfaces. So since they deposit in the bone, they could be cleared rapidly
from the bloodstream and from the body by renal filtration [81]. The intracellular
concentration of BPs in most tissues is very low because these agents do not readily cross

the plasma membrane. BPs are taken into the cell by fluid-phase endocytosis. Such cells use
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these intracellular actions are osteoclasts, macrophages [82, 19], and monocytes [83]. Since
then bisphosphonate accumulation are seen in those cells. In such a way bisphosphonates
are targeting bone remodeling. BPs have been shown to be internalized by several human
cancer cell lines, including breast, prostate, and myeloma since they use fluid-phase
endocytosis. The rate of BP uptake by cancer cells varies widely between the cell lines tested
since now [84]. Additionally, the effects of BPs also varies depending on their mechanism

of action, in which their biochemical structure has the key role.

Different studies showing that N-BPs have inhibitory effects on human myeloma cell lines
and multiple myeloma cells, by inhibiting cellular growth via inhibition of the mevalonate
pathway and create apaptosis. The dose of the drug has also role on this affect [85, 86, 87,
88 ]. For example, in a study performed with newly diagnosed multiple myeloma patients
with pamidronate (90 mg), there was a significant increase in the proportion of apoptotic
plasma cells after a single infusion which are detected in bone marrow [87]. In another study,
zoledronic acid (50 mM) in a dexamethasone combined medication shown having
antiproliferative effects on myeloma cell lines [89, 90, 91].

The data performed through early studies suggesting zoledronic acid as administrated
annually has therapeutic effects in women with osteoporosis. A randomized, double-blind
study, is performed to compare the effects of zoledronic acid with alendronate. In 24-week
time, it is found that the first attack of action of a single infusion of zoledronic acid 5 mg
compared with weekly oral alendronate 70 mg in postmenopausal women with low bone

mineral density, reduces bone resorption markers more rapidly than alendronate [92].

2.5. BISPHOSPHONATES IN CANCER

In tumor disease, bone metastases are very commonly seen. Indeed, any malignant tumor is
capable of metastasizing to the skeleton, however few types resulted frequently metastases
in bone. Among different cancer types, breast cancer be in the lead most frequent cause of
bone metastases, it is followed by prostate, lung cancers, thyroid carcinoma, and renal cell

carcinoma is the (Table 2.1).
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Table 2.1. Incidence of bone metastases [94]

Primary Tumor Median Range
Breast 73 % 47-85%
Prostate 68% 33-85%
Thyroid 42% 28-60%
Kidney 35% 33-40%
Bronchus 36% 30-55%

These five tumor entities given in Table 2.1 are found the reason for more than 80% of
skeletal metastases [93]. Bone metastases are seen at autopsy in about 65%-80% of all
women who die of breast cancer. According to the studies a forecast of every fourth newly
diagnosed patient will develop bone metastasis. This corresponds an incidence of 180,000
cases (women) per year in the USA and estimated incidence 48,000-50,000 cases per year
(women) in Germany. Considering survival time, an average is estimated as 2.5 years,

although there is a wide range variation margin [94].

In the patients having the solid tumors generally arising from lung, kidney, breast, thyroid
and prostate, bone metastasis could be encountered. It is found that around 70% of patients
with advanced prostate cancer or breast cancer, and up to 40% of patients with other
advanced solid tumors will develop bone metastases. Additionally it is clinically observed
that in more than 50% of men with advanced prostate cancer and around 20% of women
with advanced breast cancer, bone metastases are observed in the skeleton [95]. Metastatic
bone disease disrupts the normal homeostasis of bone, and the resulting in imbalanced bone
metabolism which damages bone integrity, resulting in skeletal defects including bone pain,
pathological fractures. In those cases in order to prevent or repair major structural damage,
spinal cord and/or nerve root compression, and hypercalcaemia of malignancy, orthopedic
surgeries became a requirement. Nowadays osteoclast activation is accepted as the key step

in the establishment and growth of bone metastases of such cancer types [96].

Studies for patients having breast cancer show that vertebral fractures are encountered a 4—
5 times higher rate than an age matched group of well women. This fractures are most likely
related to chemotherapy induced menopause. Bone metastase is also common in patients
having prostate cancer. Prostate cancer is observed as having different bone lesions than

encountered in breast cancer. Instead of the tendency for bone lesions to be either osteolytic
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or mixed osteolytic and osteoblastic, in the prostate cancer metastases appear as osteoblastic
lesions on X-ray. New bone structures near the prostate cancer cells are laid down by
osteoblasts, probable effects of direct stimulation of DNA synthesis and proliferation of the

osteoblasts and fibroblasts assumed by prostatic osteoblastic factors [97, 98].

As explained in section mechanisms of actions, N-BPs has found as directly affecting the
cholesterol synthesis, via the mevalonate pathway. This pathway is essential for any cell type
since the proteins synthesized are used in mainy essential cell functions. Anti-tumor activity
of different BPs has been demonstrated mainly in breast, prostate and myeloma cell lines. In
vitro studies show that, particularly zoledronic acid, reveals inhibitory effects on tumor cell

adhesion, invasion, and tumor cell proliferation [99, 100, 101, 102].

Zoledronic acid-induced tumor cell apoptosis has been demonstrated to result in activation
of the caspase pathway, caspase molecules play important roles in apoptosis pathway [102,
103, 104, 105]. In support of the inhibition of the mevalonate pathway, to inhibit the
suppression of protein prenylation reasoned by zoledronic acid intake, the caspase pathway

Is activated and apoptosis in human breast cancer cell lines occurs [105, 106, 107].

BPs as bone resorption inhibitors, have effects on the release of bone-derived cytokines and
growth factors, especially they have role on bone making them less attractive to tumor cells
in terms of colonization, tumor migration, invasion, adhesion, proliferation and survival
[108].

Investigations performed for bisphosphonates as clinical trials in the preventative degree
have shown that’s besides delaying the occurrence of bone metastases in the cancer,
bisphosphonates also found delaying the lesions of non-osseous parts of the body in a study,
and survival was prolonged [109]. Other trials however have shown the opposite [110, 111,
112, 113]. Likewise, animal studies for cancer and metastases, obtained results have been
conflicting. In vitro works which has purposed bisphosphonates effects on tumor cells and
activities has found a variety of antitumor effects such as apoptosis induction, inhibition of
cell growth [114, 26, 102, 105, 115], inhibition of invasive behavior [116, 117] and
inhibition of angiogenic factors [104, 105]. Bisphosphonates are further found that they have
the potential to enhance anti-tumor activity of cytotoxic drugs which are toxic to the body.
Besides direct effects on tumor cells, bisphosphonates effect on osteoclasts creates a strong
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rationale for the use of these drugs as a supporter in patients having malignancies and more

preferably having metastasis to bone [118].

The tumor growth and metastatic spread is a multistep process. For a tumor to metastasis it
must grow at its primary site, migrate, adhere and invade basement membrane and
extracellular matrix proteins, escapes from immune system destruction, spread to distant
sites, where must again proliferate and survive the local environment. Potential effects of
bisphosphonates biologically were studied in in vitro and this is advantageous for addressing

the steps of cancer cell progression and survival separately. (Figure 2.5) [118].

At the times when only inhibitory effect on osteoclasts are known or revealed, a study in
1996 by van der Pluijm et. al. showed that bisphosphonates are also able to reduce tumor
burden in bone, potentially. In a way that they inhibit cell adhesion. This study was known
with revealing inhibitory effects bisphosphonates in tumor seeding in bone as an unknown

role of these molecules [119].

Bone metastases are found most common in patients with breast cancer [120]. Bone disease
causes significant morbidity, resulting in major skeletal events such as fracture,
hypercalcemia, or spinal cord compression. Another common and frustrating complication

of metastatic bone disease is bone pain [121, 122, 123].
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Figure 2.5. Anti-tumor effects of bisphosphonates [118]

In another study, bisphosphonates anti adhesion effect on tumor cells are revealed proving
their anti-tumor effects. When the breast and prostate cancer cells were pre-treated with

bisphosphonates, inhibition of adhesion of tumor cells to bone was observed as dose-
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dependent. This anti-adhesion effect was not due to cytotoxicity. This effect was due to their
inhibition capability on adhesion of tumor cells at determined doses. It is also found that, the
bisphosphonates found having no effect on adhesion of normal cells (fibroblasts) to bone
matrix [124].

Pamidronate (at 100 uM) and zoledronate (at 50 uM) when assessed with DNA
fragmentation assay were also found having directly inducing effect on apoptosis of the
breast cancer cells [102].

In a study six bisphosphonates including zoledronic acid were administered to three breast
cancer cell lines. Apoptosis was observed through flow cytometry of a DNA fragmentation
assay during cell proliferation measurements. In the studies performed for different breast
cancer cell lines, bisphosphonates are found to have direct effects on cell proliferation and
apoptosis. Zoledronate found to be the most potent among this six bisphosphonates, in which
their very effects having different magnitude are observed. This study showed promising

anti-tumor potential of BPs [103].

In a 2-year follow-up study, carried out for zoledronic acid and pamidronate, pre-planned
multiple-events analysis showed that zoledronic acid 4 mg reduced the risk of a skeletal
complication (including HCM) by 20% more than pamidronate 90 mg. Breast cancer patients
with skeletal-related effects (not including HCM) results were comparable between
treatment groups after 24 months (49% with pamidronate and 46 % with zoledronic acid)
[125].

A study performed with patients with metastatic bone disease often having severe bone pain
and debilitating skeletal complications. Zoledronic acid is investigated in patients with
genitourinary malignancies, including prostate cancer, renal cell carcinoma, and bladder
cancer complaining with secondary bone metastasis to these complications. This study is
presented an evidence in patients in randomized, placebo-controlled trials, monthly
zoledronic acid at 4 mg significantly reduced the proportion of patients with skeletal-related
events. Its effects include delaying of the onset of bone complications compared with
placebo [126].

Pivotal trials are performed as prospective, randomized controlled to support efficacy and
safety of zoledronic acid covering more than 3000 subjects. Involving a broad tumor types,
zoledronic acid administrated intravenously every 3-4 weeks resulted besides decreasing
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skeletal-related events frequency, first skeletal-related event is delayed. Comparing with
pamidronate, zoledronic acid is found more effective in breast cancer and the only
bisphosphonate approved as effective for metastatic prostate cancer, lung cancer, and renal
cancer [127].

Summary studies through Medline search also performed to show current evidence for
clinical, anti-tumor, and survival benefits from zoledronic acid in patients with genitourinary
cancers. These studies revealed that among patients with bone metastases from prostate
cancer or renal cell carcinoma, compared with placebo zoledronic acid significantly delayed
the onset and reduced the incidence of skeletal complications. Zoledronic acid is only
bisphosphonate which showed as supporting the cell survival and delaying progression of
bone lesions in patients having urologic malignancies. Additionally, zoledronic acid proved
as reducing the occurence of skeletal-related pathologic fractures which could be caused by
the reduced survival. Bisphosphonates are approved in preclinical studies for their direct

anti-tumor effects, besides their remarkable palliative benefits [128].

HMG-CoA  70ledronic acid inhibits FPP synthase,

thus blocking the prenylation of small
Mevalonate signaling proteins required for cell

function and survival
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Figure 2.6. Anti-tumor activity of zoledronic acid [129]

The effects of bisphosphonates on tumor cell are summarized as not only by inhibit
proliferation and induce apoptosis, but they also interfere the adhesion of cancer cells to the
bone matrix and they can inhibit tumor cell migration and invasion. Anticancer drugs like

taxoids, doxorubicin or imatinib are known to potentiate their anti-tumor effects [129].
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2.6. EXERGY ANALYSES

Production of the pharmaceuticals demands more energy than the production of the other
chemicals because of the need for a sterile environment. Maintenance of a clean
environment, including the manpower, sterilization of the equipment, raw materials and the
operating plant and the product itself is achieved at the expense of energy utilization. Exergy
is defined as the maximum amount of work which can be produced by a quantity or flow of
matter, heat or work as it comes to equilibrium with a reference environment [130]. Unlike
energy, exergy is not conserved, but may be destroyed due to irreversibilities in any real
process and entropy is generated. Principles of conservation of mass and energy are used
together with the second law of thermodynamics in exergy analysis in design of the
processes, to improve energy and exergy efficiency. During the recent years, exergy analysis
has got a great impotance as they increasingly applied for evaluation and optimization the
efficiency of various manufacturing processes and become very popular for evaluating

sustainability of various energy-intensive systems.

Dinger (2011), discussed that obtaining reductions in energy consumption, increasing
sustainability of a process and environmental emissions via exergy analysis. Exergy analysis
provides a more realistic and meaningful assessments than energy analysis since it is usually
destructed and may be lost in a process as demonstrated with drying [131] and industrial
yogurt production processes [132]. Engineers and scientists has a consensus on that the
thermodynamic performance of a process is best evaluated by performing an exergy analysis
in combination with of conventional energy analysis. They suggested exergy give more

insights to the efficiency improvement efforts of a process than just energy analysis.

Further discussions of exergy analysis for many processes and systems are given elsewhere
[133, 134, 135, 136]. The recent examples of process analysis via exergy method include
those of Degerli et al. (2015) [137], where energy and exergy efficiencies are compared in
farm to fork grain cultivation and bread making processes in Turkey and Germany; Jokandan
et al. (2015) [132], where comprehensive exergy analysis of an industrial-scale yogurt
production plant was carried out; Genc and Hepbasli (2015) [138] who studied the
performance assessment of a potato crisp frying process; Pelvan and Ozilgen (2017) [139],
where exergy efficiency of the black loose tea production process was assessed; Nasiri et al.
(2017) [140], where exergy analysis of an industrial-scale ultrafiltrated cheese production
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plant is carried out and Geng et al. (2017) [141], who performed exergy analysis of wine
production process. Numerous chemical processes are also assessed with exergy analysis
[142], including cement [143], petrochemicals, separation processes [144], inorganic
chemicals etc. [142]. The concept of “sustainable medicine” draw significant attention
during the last decade [145], especially after finding out that the active pharmaceutical
ingredients enter ecosystems via wastewater after they have metabolized by the human body,
or when they are disposed of in unused state. Advanced wastewater treatment should be in
place to come up this problem which is counted as a main prohibitive costs. This means
active pharmaceutical ingredients are neither completely removed by routine sewage
treatment processes nor entirely degraded, and such practices alarm the experts because of
the potential changes in disease patterns and pharmaceutical use in response to climate
change [146, 147]. This newly recognized kind of contamination is not limited to that of the
people, also the animals make a significant contribution. Contamination of rice with
antibiotics originating from the urine of cattle reaching to the fields with the underground
water is reported by Hawker et al (2013) [148]. The concern should also be extended to cover

the waste generation during medical drug generation.

To our knowledge, there is no study in the literature regarding waste minimization during
medical drug production or applying exergy analysis to pharmaceuticals industry. In this
study, a range of different reaction parameters will be assessed to discover a simpler, high-
yield, easily controllable and a cheaper way of zoledronic acid production process with the
highest possible exergy efficiency and the highest product to waste ratio. At the start of
pharmaceutical product trials, bisphosphonate synthesis was a new area in our country. In
this study we aimed to contribute national pharmaceutical industry with an optimized and

qualified production.

Presence of the active medical ingredients in the waste water started to draw attention
recently. The first study was carried out in Germany in three institutions. A hospital, a
psychiatric hospital and a nursing home [149], where the authors draw attention to the lack
of data and commented about the importance of carrying out further research on that topic.
The present study draws attention to the pollution by the API which may spread to the
environment by the waste water from a medical drug manufacturing facility. Since there is

no mention of such a pollution in the literature yet. The present study is very important since
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it draws attention to an undisclosed form of pollution, but, unfortunately, its results cannot

be compared with those of the others, for the very same reason.



3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. Chemicals Used in The Synthesis of Zoledronic Acid

Table 3.1. Chemicals used in Zoledronic acid synthesis

Material CAS number Formula Supplier

Wudi Reaction

1 H imidazole 1 yl acetic Pharma&Chemicals co.,
) 87266-37-3 CsH7CIN20, i
acid Ltd (Shandong Province,
China)
Phosphorous acid 13598-36-2 H3PO3 Sigma Aldrich (USA)
Phosphorous tricloride 7719-12-2 PCls Sigma Aldrich (USA)
Methanesulphonic acid 75-75-2 CH.0sS Sigma Aldrich (USA)
) ) Merck Millipore
Sodium hydroxide 1310-73-2 NaOH
(Germany)
Ethanol 64-17-5 C,HsOH J.T. Baker, Poland

3.1.2. Chemicals Used in The Production of Zoledronic Acid Injectable

Table 3.2. Chemicals used in Zoledronic Acid Injectable Production

Material CAS number Formula Supplier
Mannitol 69-65-8 CeH1406 Rockett, France
Sodium Citrate HOC(COONa)(CH:
) 6132-04-3 Merck, Germany
dihydrate COONa); - 2H,0
Water for Injection 7789-20-0 H.0 Atabay, Turkey
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3.1.3. Buffers and Chemicals for HPLC Applications

The standards used for HPLC analyses were purchased from U.S. Pharmacopeial
Convention, (US). HPLC grade methanol and other materials i.e. tetra butyl ammonium
hydrogen sulphate, potassium dihydrogen phosphate, triethylamine were obtained from
Merck Millipore (Germany).

3.1.4. Glassware Required For The Synthesis and Analyses

2 L glass reactors were used to carry reaction medium from Borucam, Turkey, with auxiliary
materials, such as mixer paddle, reflux condenser. The mixer was obtained from Senco,
China. Other glassware such as volumetric flasks from Zag, Turkey, beakers from Isolab,
Germany and Schott, UK and glass pipettes, from Lamtek, UK, were used during the
analyses. Studies are performed under hood, from Koéttermann, Germany. For filtration
Nutsche apparatus from Pyrex USA, filter papers (150 um) from Sartorius Germany are
used.

3.1.5. Laboratory Equipment

Table 3.3. Laboratory Equipment List

Equipment Model / Supplier
METTLER AE 260, AJ 100, AX 250
(UK) Sartorius, CPA225D, Germany
pH meter METTLER TOLEDO S-20, (UK)

DSC 131, Setaram Instrumentation

Balances

Differential scanning calorimetry (DSC)

(France)
Thermogravimetric analysis (TGA) Pyris 1 TGA, Perkin Elmer (USA)
Melting point Stuart SMP 40 (UK)

Metrohm KF system, 841 Titrando,
Dosino 800, Ti stand 803 (Switzerland)

Ultrasonic water bath mixer Bandelin Sonorex, RK 514 (Germany)

Karl-Fischer (KF)
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Equipment

Model / Supplier

High Pressure Liquid Chromatography
Pump
Detector
Auto Sampler
Column heater
Communications bus module
Degasser

Reservoir tray

SHIMADZU, LC-2030 C (Japan)
LC-20AT
SPD-M20A
SIL-20AC
CTO-20A
CBM-20A
DGU-20A5

Proton nuclear magnetic resonance

AGILENT (Varian) Mercury 400 FT-

(H-NMR) NMR *H-NMR(400 MHz) (USA)
Carbon nuclear magnetic resonance AGILENT (Varian) Mercury 400 FT-
(C-NMR) NMR, 3C-NMR (100 MHz) (USA)
Heteronuclear single quantum coherence AGILENT (Varian) Mercury 400 FT-
spectroscopy (HSQC) NMR, (USA)
Heteronuclear Multiple Bond Correlation AGILENT (Varian) Mercury 400 FT-
(HMBC) NMR, (USA)
) AGILENT (Varian) Mercury 400 FT-
Correlation Spectroscopy (COSY)
NMR, (USA)

Mass Spectroscopy (MS)

Waters Alliance HPLC with Waters
Micromass ZQ ( USA)

Fourier-transform infrared spectroscopy
(FTIR)

IRAffinity-1 SHIMADZU, 8400 S (Japan)

Magnetic stirrer

VELP, ARE (Italy)
LAB Companion, Jeio Tech/ TM-14S
(US)

Hot plate

Borkim, Mtops MS300HS (Turkey)

Water bath

Jeiotech BW-10H (South Korea)

Vacuum Dryer

Memmert, VO 200 (Germany)

Ultrasonic water bath mixer

Bandelin Sonorex, RK 514 (Germany)
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3.2. METHODS

3.2.1. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy is the technique for determining the structure of
organic compounds. It identifies the carbon-hydrogen framework of an organic compound.
Entire structure of the molecules could be entirely identified with the data of NMR. Several
common nuclei, such as hydrogen (1H), the $3C isotope of carbon, the *°F isotope of fluorine,
and the 3P isotope of phosphorus, have magnetic moments and therefore can be detectible
by NMR. H-NMR and C-NMR is most common used techniques to figure out the structure.
The principle of the NMR depends on the alignment of charged particles with an external
applied magnetic field. The atomic nucleus is a spinning charged particle, and it generates a
magnetic field. When an external magnetic field is present, the nuclei align themselves either
with or against the field of the external magnet. Without an external applied magnetic field,

the nuclear spins are random and spin in random directions [150].

3.2.1.1.'"H-NMR

H-NMR or proton NMR is used to detect the proton alignment in a molecule. Each group of
chemically equivalent protons gives rise to a signal. The protons that are in the same
environment, and identical are called chemically equivalent protons. When they exposed to
a magnetic field they create overlapping signals on the spectrum. Therefore, the equivalent
proton sets in a molecule can be determined by looking at the number of signals in the H-
NMR spectrum [151].

Tetramethylsilane (TMS) is usually used as the reference compound because it has kind of
symmetry and can easily be removed from the sample by evaporation because it is a volatile
compound. TMS is also at a lower frequency than most other compounds because the protons
in the methyl group are in a more electron dense environment because of lower
electronegativity of silicon compared to carbon atom. The positions of the signals in an
NMR spectrum are determined compared to the reference substance. This position of the

signals depends on the chemical shift [151].
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Chemical shift (), is the distance of the proton signal from the reference substance. The
proton chemical shifts range from 0 ppm to 15 ppm. The chemical shift for a specific proton
is identical for each spectrometer used. The magnetic field was scanned from low to high
values, which is from left to right. So, the signals on the right are as upfield or shielded and
signals to the left called as downfield or deshielded [152].

For the calculation of chemical shift the chemical shift for base substance methylene,
ethylene or methane for alkanes and addition of chemical shift caused by substituents as the
adjacent atom effect. For aliphatic (sp®) C-H proton chemical shifts the Curphy-Morrison
table can be used [152].

The intensity of each signal is related with the number of protons that causes the signal. The
amount of energy absorbed is proportional to the number of equivalent atoms that rises the
signal [151].

The effective magnetic field is also affected by the orientation of neighboring nuclei. The
spin-spin coupling effect causes splitting of the signal for each type of nucleus into two or
more lines. For the splitting of the signals, N+1 rule is considered. N is the number of

equivalent protons which belongs to the adjacent carbon [152].

For the ethylene group in Zoledronic acid when the effect of OH-C group and -N- chemical
shifts are added, it could be found that the signal will be introduced around 4.7 [151]. An
imidazole ring has doublet for adjacent H atoms around 7.4 and a single peak for the H

between two N atoms and shifted more around 8.7 [153].

AGILENT (Varian) Mercury 400 FT-NMR spectrometer is used for H-NMR (400 MHz).
The results are recorded with chemical shift values & (ppm) scale with using DO as solvent
and 3-(Trimethylsilyl) propionic acid-Ds sodium salt as internal standard from Merck

(Germany) to figure out H positions of the zoledronic acid molecule.

3.2.1.2. BC-NMR

Fundamentals of H-NMR were applicable for the 3C-NMR with proton NMR spectrum.
Less coupling is observed because only 1.1 per cent of naturally occurring carbon is 3C.
The 13C NMR is directly related with the carbon skeleton not just the proton attached to it.
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Different carbons or set of equivalent carbons are found with the number of signals and the
splitting of a signal tells us how many hydrogens are attached to each carbon. N+1 rule is
applicable here also. The chemical shift tells us the hybridization (sp®, sp?, and sp) of each
carbon [151].

AGILENT (Varian) Mercury 400 FT-NMR spectrometer is used for 13C-NMR (100 MHz)
spectrum. The results are recorded with chemical shift values & (ppm) scale with using D20
as solvent and 3-(Trimethylsilyl) propionic acid-D4 sodium salt as internal standard from
Merck (Germany) to figure out H positions of the zoledronic acid molecule.

| o |

AL

Figure 3.1. The compact ProPlus NMR system (Agilent) [154]

3.2.2. 2D-NMR Methods

2D-NMR methods performed in the study includes COSY, HSQS and HMBC

spectroscopies, to observe the relations within the molecule.

3.2.2.1. Homonuclear COSY

Homonuclear COSY gives the mononuclear correlation, in this spectrum the two axes
correspond to H-NMR results and gives proton correlation in the molecule and this

information gives better understanding of structure [150].


http://tureng.com/search/trimethylsilyl
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3.2.2.2.Heteronuclear HSQC

Heteronuclear HSQC is Heteronuclear Multiple-Quantum Coherence and two axes
correspond to 2 different isotopes (usually **C and *H). The interaction gives H’s coupling
to nuclei [150].

3.2.2.3. Heteronuclear HMBC

Heteronuclear Multiple Bond Correlation analysis gives correlations between carbons and
protons that are separated from each other in conjugated systems, by two, three, and
sometimes four bonds. Direct one-bond correlations are suppressed in these analyses. The
output of this analysis is the information on connectivity like a proton-proton COSY analysis
[155].

AGILENT (Varian) Mercury 400 FT-NMR spectrometer is used for 2D-NMR spectrums.
The results are recorded with chemical shift values & (ppm) scale with using DO as solvent
and 3-(Trimethylsilyl) propionic acid-D4 sodium salt as internal standard from Merck

(Germany) to figure out H positions of the zoledronic acid molecule.

3.2.3. Mass Spectrum

The mass spectrometer gives the molecular weight of a molecule. Usually the highest peak
is the molecular ion peak. The mass spectrometer cuts a molecule into fragments, which are
going to appear in the spectrum. When sample is submitted to the system an electron beam
is supplied and creates a molecular ion. The ion is passed through a magnet which ends up
a detector. When an ion passes through a magnet, it moves in a curved direction and hits to
the detector in some point. The radius of this point is measured. This curved path is caused
by a centripetal force which is the force that makes a body follow a curved path. The
magnetic force of the apparatus is equal to this force. By the help of this concept, the radius

is given in the below formula.

r=— (3.1)


http://tureng.com/search/trimethylsilyl
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The equation gives m, mass of the substance, with known values as r the radius of the path,
as B the magnetic field, q is the charge and v is the velocity [156].

molecular ion

CH;CH,CH;

[CH3CH;CH;[" o electron beam

l

detector

Figure 3.2. Principle of mass spectrometer

The machine gives the spectrum as relative abundance to m/q ratio. Relative abundance is
representing the abundance of the charged substance when electron beaming continues. The
more the charged substance is abundant, the peak in mass spectrum gets higher. When
electron beaming hits to the electrons which are core electrons that is not shared as the bond,
the substance gets charged. If electron beaming hits one of the bonding electrons, molecule
is cut into charged fragments randomly. Each of these fragments also appears on the

spectrum [156].

Waters Alliance HPLC equipment related with Waters Micromass ZQ spectrometer is used
for HPLC/MS spectrums. Molecular weight is stated as [M-H] by mass spectrums with
negative Electro Spray method. Spectrums are categorized using two different techniques.
1) TIC (Total ion chromatogram) which is a chromatogram created by summing up
intensities of all mass spectral peaks belonging to the same scan [157] and 2) SIR (Single
ion resolution) (as M-H=271 m/z) [158, 159]. The requirement of mass spectrometer
parameters are; Capillary voltage: 2.41 kV, cone voltage: 36 V, source temperature: 95°C,

desolvation temperature: 350°C. Nitrogen is used as inert gas.

Chemicals used in mobile phase, acetonitrile, formic acid purchased from Merck, Germany.
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Figure 3.3. Micromass Quattro Micro Mass Spectrometer [160]

3.2.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is used to identify materials, and assesses purity of the material. The principle of FTIR
that the most molecules absorb light in the infra-red region of the electromagnetic spectrum.
This absorption corresponds to the bonds present in the molecule. In this way the information
of structure of molecule is obtained. Typical frequency range for the measurement as wave
numbers is 4000 — 600 cm™ [161].

Infrared spectroscopy principle based on the vibrations of the atoms of a molecule. In an
infrared spectroscopy, infrared radiation is passed through a sample and according to the
sample nature, some light is absorbed at a particular energy. These absorptions are reflected
as peaks on the spectrum. The energy at which any peak on the spectrum appears corresponds

to the frequency of a vibration of the sample molecule [162].

According to the owned functional groups, FTIR is useful for identification of some
particular molecule groups which have characteristic vibrational frequencies in the infra-red
range such as organic groups, side chains and cross-links involved compounds. The sample
is compared with the reference. The resultant absorption spectrum from the natural bond

vibration frequencies indicates the presence of functional groups and various chemical bonds
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presented in the sample. The sameness of the sample with the reference shows the purity of

the product [161].

Shimadzu IR Affinity-1 is used during the study to identify the produced sample and the

match of the sample to the reference standard.

Table 3.4. IR peaks of zoledronic acid [163]

Frequency (cm™) Assignments Frequency (cm™) Assignments
1642.26 CH=CH Stretching 1193.12 P-O Stretching
1406.52 C-H stretching 1293.62 P=0 Stretching
928.41 C-C Stretching 2806.31 -CH, Stretching
1586.02 C-N stretching 3204.74 -OH Stretching
1341.36 Alcohol

Figure 3.4. Shimadzu IR Affinity-1, IR Spectrometer [164]

3.2.5. Water Content Analyses — Karl Fischer

A ity v

Karl Fisher is based on the reaction of water with iodine. The reaction occurs in an alcohol

medium. Methanol is most common used solvent for Karl Fisher, ethanol is also getting

common recently, because it may increase the solubility of hydrocarbons [165]. The reaction

is as below;

H,0 + I, + SO, + CH;0H + 3RN & [RNH]SO,CH; + 2[RNH]I

(3.2)
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Where RN is representing a base such as pyridine or imidazole. In Karl Fisher method, as
different from the other moisture loss methods, the system measures only water content,
since iodine is selectively reacts with water. It is a fast, accurate and price technique. Crystal

water could be determined with Karl Fisher [166].

3.2.5.1.Volumetric Karl Fisher Analysis

In volumetric technique, iodine amount added to the sample solution is calculated and
volumetric measurement of water content is performed. Solids and liquids with high amounts

of water content (100 ppm — 100 per cent) volumetric titrations are useful [167].
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Figure 3.5. Volumetric titration details of a Karl Fischer apparatus [168]

3.2.5.2.Calorimetric Karl Fischer Analysis

Sample is dissolved in the titration cell. The reagent is released by the induction of the
electrical current. The electrical current to release enough amount of solvent to react with
water in the sample is calculated to find content water. The technique is useful for low

amounts of water content (1 ppm to 5 per cent ) [166].
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Figure 3.6. Metrohm KF system, 841 Titrando [169]

Combi titrant 5; 1 ml 2 ca. 5 mg H,O Aquastar™, including iodine and imidazole, from
Merck is used as the Karl Fisher reagent for titration. Metrohm KF system, 841 Titrando is

used in the analyses.

Titration medium is first placed into the cell and titrated dry by means of the titrant. Sample
is loaded to the titration vessel from a weighing boat. Since for solids, which may contain
water as water of crystallization, for the analysis sample preparation is important. Sample
should be completely dissolved for a total water content determination. If this should this
not be possible in methanol, addition of chloroform, formamide or other solvents may be
required [170]. To dissolve the samples, formamide and acetic acid (1:1) (v:v) is used as the
solvent medium. Formamide, (Merck lot no. K44330584324), acetic acid (Merck lot no.
K45178056348) is used during experiments.

30-40 ml of acetic acid, formamide mixture (1:1) is transferred to the titration vessel, and
titrated with the Reagent to the electronic end point to consume any moisture that may be
present. Quickly add 300 mg sample, mix for 30 sec. Then, titrated with the Karl Fisher

Reagent to the electrometric endpoint.

3.2.6. Differential Scanning Calorimetry Thermal Analysis (DSC)

Differential Scanning Calorimetry (DSC) is used to measure melting temperature of the
samples, to characterize the samples that has the same melting point with the reference

sample. DSC is an apparatus measures the heat change during the thermal decomposition of



36

the samples. When we heat or cool a sample, it gives the endothermic (heat absorption) and
exothermic (heat out) behavior of the sample, and gives us the quantitative and qualitative
data, of which process the sample undergoes [171]. The thermal core of a DSC system
consists of two cells, a reference and a sample cell. These the two cells reaches to the same
temperature, as they are heated. To perform a DSC measurement, the reference cell is first
filled with reference sample and the sample cell with the sample itself and heated. The
absorption of heat during melting, sets up a voltage, which is converted into power and gives
AT (the temperature differential). DSC is widely used in drug discovery and development
[172].
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Figure 3.7. Differential Scanning Calorimeter (DSC) [172]

3.2.7. High Performance Liquid Chromatography (HPLC)

HPLC technique is used to identify the sample in a high pressurized liquid to force to sample
into a column packed with stationary phase. A typical HPLC system consists of a pump (to
obtain consistent flow rate), an injector or autosampler, at least one detector and to control
the required system temperature of separation step, a column oven is used. A variety of
detector types are available, including UV-VIS, refractive index (RI), photo diode array, and

fluorescence [173].
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Bisphosphonates are very strong chelators, and they readily interact with metals in the setup
of production and analysis. Their affinity effect could be observable also on HPLC systems
such as in injection valve or tubing or HPLC columns. Because of this the samples are giving
poor peak shape and irreproducible chromatography. In order to overcome the adsorptive
character of bisphosphonates, adding tailing suppressors in the mobile phase is a good
approach [174, 175]. Another certain way to overcome such interactions on the setup will

be use a non-metallic system [176, 177].

Considering all these, the selection of the column packing material is still critical, since the
interactions with column packing material is still a case besides the chelation of
bisphosphonates with metal ions. The use UV detection as the detection type is difficult for
bisphosphonates because in general, most of them lack chromophore groups. But,
risedronate sodium instead has a pyridinyl group, which makes it sufficiently sensitive for
detection directly by UV detector. Additionally, risedronate sodium is readily ionizable in
solution and, so, it can be analyzed by a liquid chromatographic technique using reversed
phase conditions and used mobile phase should contain ion-pair reagents. Therefore, the type
of liquid chromatography using a non-metallic system or not and detector types should be

evaluated to identify different bisphosphonates [178].

For the development of analytical separation methods, several strategies have been followed
mainly IEC (ion—-exchange chromatography) [177] and reversed—phase liquid
chromatography (RPLC) [175] often in combination with an ion—pairing agent.

Optimization of separation conditions of the test mixture of two bisphosphonates was carried
out in three stages: (a) choise of the compexing agent concentration; (b) determination of the
optimal composition of the mixed mobile phase (organic compound-buffer) and (c) effect
of mobile phase pH [179].

3.2.7.1.HPLC Parts

3.2.7.1.1. Mobile Phase

The mobile phase is a liquid that moves through the packed bed of stationary phase in the

column under pressure.
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It is the mixture of organic and aqueous solvents and is more polar than stationary phase
[181].
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Figure 3.8. Shimadzu HPLC systems [180]

3.2.7.1.2. Organic carrier

Acetonitrile and methanol are usually used common carriers mixed with other solvents to
compose the mobile phase. Acetonitrile has lower viscosity - reduces back pressure and often
results in slightly better peak shape and has lower UV cut-off - advantage for UV detection.
Methanol is used because it is less expensive, less toxic and is more polar to reduce the risks
of solid buffer precipitation [181].

H H H

o’:/ H‘CN H—C— OH
h I H

Water: 9.0 Acetonitrile: 6.2 Methanol : 6.6

Figure 3.9. Polarity of solvents commonly used to compose mobile phase
Replacement of methanol with acetonitrile led to lower k values and even to shorter analysis
time. However when methanol was used the chromatographic peaks could be much more
deformed [182, 180].
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3.2.7.1.3. Effect of pH

Bisphosphonates belonging to quadribasic acids having several pKa values that capable of
forming multiply charged ions in solution. Therefore, the pH level of mobile phase is very
important parameter in the ion—pair HPLC for analysis of bisphosphonates because of the
significant effect on the retention behavior and peak shape. lonisable species need to employ
pH control. The retention factor of test mixture compounds were measured for different

eluent pH (5-8.5) at the constant concentration of ion—pairing modifying agents [180].

3.2.7.2. HPLC Assay Method for Zoledronic Acid

3.2.7.2.1. 1t HPLC Method

In the firstly validated method, Shimadzu LC-20AT is used as the apparatus. C18, 250 x 4.6
mm, Sp column with 20 °C column temperature and UV, A: 215 nm detector is used.
Flowrate is 1.5 ml/min with injection volume of 10 pl. Isocratic pump is used. Perchloric
acid solution was prepared with 10 ml of 70 per cent perchloric acid and 2 ml orto-
phosphoric acid in water. Buffer solution was prepared as including 50 mM octane sulphonic
acid sodium salt solution / 0.1 mM ethylenediamine tetra acetic acid disodium salt (in
perchloric acid solution). Mobile phase is 960:40 v/v mixture of buffer:acetonitrile. Mixture

is prepared and used after filtered through 0.45 pm membrane filter.

Zoledronic acid standard solution is prepared as having 0.4 mg/ml zoledronic acid
monohydrate reference standard, by weighing the standard and dissolving with mobile phase

by the help of magnetic stirrer and injected after filtered through 0.45 um syringe filter.

Test Solution is prepared as 0.4 mg/ml zoledronic acid monohydrate sample; by weighing
the sample dissolving with mobile phase by the help of magnetic stirrer and injected after

filtered through 0.45 pm syringe filter.
10 pl sample and standard solutions are injected to the column and the peaks are recorded.
Calculations for assay is made by the help of sample and standard areas;

Assay = ((ru/rs) x (Cs/Cu) x 100 x Potency (3.2
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Where, ru is the peak area of zoledronic acid monohydrate in test solution, Cs is
concentration of standard of zoledronic acid monohydrate , rs is peak area of zoledronic
acid monohydrate in standard solution and Cu is the concentration of sample of zoledronic
acid monohydrate. By using this method zoledronic acid is detected around 10.8™ minute.
Limit is chosen as 98.0-102.0 per cent.

3.2.7.2.2. 2" HPLC Method

An alternative method is validated to detect any possible impurities. Shimadzu LC-2030C is
used as the apparatus. 250 x 4.6 mm, Sum ODS-3V Inertsil column with 30 °C column
temperature and UV, A: 215nm detector is used. Flowrate is 0.7 ml/min with injection

volume of 10 pl. Isocratic pump is used.

Ethylenediamine tetra acetic acid solution is prepared as the micture of 5 ml of 2 M sodium
hydroxide solution is added to 1 M ethylenediamine tetra acetic acid solution. Mobile phase
is prepared as; weighing 0.035 moles disodium hydrogen phosphate dehydrate and 0.01
moles tetra-n-buthyl ammonium hydrogen sulphate mixing with 900 ml distilled water, 100
ml methanol and 2 ml of ethylenediamine tetra acetic acid solution. pH of the mobile phase
is adjusted to 7.9 and the solution is filtered through 0.45 um syringe filter. Distilled water
is used as the diluent.

Zoledronic acid standard solution is prepared as; weighing approximately 43 mg zoledronic
acid monohydrate USP standard (equivalent to 40 mg zoledronic acid) and by transferring
to 50 ml volumetric flask and completed to volume with the diluent and injected after filtered

through 0.45 um syringe filter. (c. 0.8 mg/ml zoledronic acid monohydrate).

Test solution is prepared as; weighing approximately 43 mg zoledronic acid monohydrate
sample (equal to 40 mg zoledronic acid) and transferring to 50 ml volumetric flask and
completed to volume with the diluent and injected after filtered through 0.45 um syringe

filter. (c. 0.8 mg/ml zoledronic acid monohydrate).
10 pl sample and standard solutions are injected to the column and the peaks are recorded.
Calculations for assay is made by the help of sample and standard areas;

Assay = (R, /Rs)x (Wy;xPx100 /W, x (100 —S,,)) x 100 (3.3)
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Where, Rn is the peak area from the sample solution, Rs is the peak area from the standard
solution, Ws is the weight of zoledronic acid to prepare the standard solution, Wn is the
weight of zoledronic acid for sample solution, P is the potency of the standard (as is basis),
and Sn is the water content potency of the sample. By using this method zoledronic acid is
detected around 16.6th minute. Limit is chosen as 98.0-102.0 per cent. Other methods used

in the literature for the assay of zoledronic acid are summarized in Table 3.5.

Table 3.5. Different HPLC Assay Methods for Bisphosphonates

Detector, Flowrate Injection | Column | Injection Mobile
Reference | Columntype | Wavelengt - "1 Volume, | Temp., Time,
h nm ml/min L oC min Phase
, il
phosphate
Intersil ODS buffer pH
Prasad etal. | column (250 o . 7.2 £0.005
[183] 4.6 mm. 5 UV, 215 nm 0.8 5 50 °C 15 min and
uL) methanol
900:100 v/v
triethylamin
Shanmugas | Hypersil silica e buffer pH
undaram et. (C18250x | UV, 215nm 11 20 30°C 10 min 3:
Al. [184] 4.6 mm, 5 p) acetonitrile
(50:50)
Chromosil phosphate
Reddy etal. | column (250 buffer pH 7-
’ UV, 210 nm 1.0 15 50 °C 15 min 7.5 and
[185] x4.6 mm, 5
methanol
pm) 900:100 viv
phosphate
Mastanamm pﬁ]gsse ::%\ﬁr;?‘ buffer pH 3
aetal. UV, 210 nm 0.8 20 25°C 15 min and
(250 x 4.6
[186] mm, 5 um) methanol
s O 1 (60:40)
Zorbax buffer and
Aluoch et Eclipse XDB o acetonitrile
al. [179] | C18150 x 4.6 w 10 2 2°C - 90: 10 (VIv)
mm, 3.5 pm) pH7.5
Allsepl anion
Nandan exchange .
[187] column,_ 150 UV, 215 nm 0.7 20 60 °C 20 min -
46mmid,7
pm
phosphate
Nandan et Inertsil ODS- buffer pH
3V,2504.6 | UV,215nm 0.8 50 50 °C - 7.2 and
al. [188] !
mm i.d, 5 pm, methanol
900:100 v/v

3.2.8. Thermogravimetric Analysis (TGA)

TGA measures the samples weight under heating and controlled environment and gives the

variation of weight with changing of temperature. TGA apparatus consists of a sample pan,
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with a precision balance. This pan is inserted in a controlled environment and mass change
is monitored during the experiment. A sample purge gas controls the sample environment.
[189].

The Pyris 1 TGA from PerkinElmer is used during the study. The analysis is used mainly
quantify loss of water, loss of solvent, loss of plasticizer, decarboxylation, pyrolysis,
oxidation, decomposition, weight per cent filler, amount of metallic catalytic residue
remaining on carbon nanotubes, and weight per cent ash [189]. Besides decomposition
temperature, TGA analyses purposed to measure the water loss of zoledronic acid as a

monohydrate molecule.

Figure 3.10. Pyris 1 TGA, PerkinElmer [190]

3.2.9. Melting Point

The melting point measurements are performed according to European Pharmacopeia 9.0
2.2.14. The capillary method is used to detect the temperature at which the last solid particle

of a substance in a compact column passes into the liquid phase.

Figure 3.11. Stuart SMP 40 melting point apparatus [191]
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Stuart SMP 40 Melting point apparatus is used during the experiments. The sample is
introduced into a capillary tube compactly at about 4 mm to 6 mm in height and inserted
into the machine. The temperature of the bath increased at a rate about 1 °C/min and the

temperature at which the last particle passes into the liquid phase is recorded [192].
3.2.10. Exergy Methods

In order to calculate the energy and exergy of the reaction, the first and the second laws of
thermodynamics are employed. The restricted dead state was chosen as the
thermomechanical state of the inlet streams, heat capacity of each species were calculated
from the Kopp’s rule, and then the mass (1), energy (2) and the exergy (3) balances are
formulated as:

Z(N)in_Z(N)outzo (34)

Z(Nih]‘?‘i)in — X (N; (h})’i + ¢pi (T = To)) out=Q—-W (3.5)

Y (N; [efh + (h}’,i +pi(T—Ty) — Ty [sio + cmlnTl0 — Rulnxi])])in -Y(N; [efh +
(h}),i + cpi(T —Tp) — T [Slp + cp_ilnTl0 — Rulnxi])])out+ Q (1 - TLO) — W = Xgestroyed

(3.6)

Chemical exergies as ef™, standard molar entropy (kJ/mole K) of each species, s?, enthalpies

. T . . . .
of each species as ¢, ;In = and mole fractions as x; are employed in equation 5.3. Chemical
0

exergies are calculated from:
0
exgh = Ag;(‘) + Z{V=1 n; exchem,i (37)

0 _ VN 0
€Xch = Zi:l nrepeating units exchem,repeating unit (3-8)

Values of AG are calculated using the group contribution method when the data were not
available in the literature. Thermodynamic data are presented in Table B.2 and Table B.5,

where ex?, represent standard chemical exergy, n is the number of moles and 4 g}) is the

standard Gibbs free energy of formation.
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Each step of the zoledronic acid synthesis (Table B.1 and Table B.2) and the injectable
finished solution production process is assessed thermodynamically in Table B.3 and Table
B.4. When thermodynamic data were not readily available in the literature, group
contribution method was used for its estimation. Energy utilizations of the process
equipment were obtained from the data given in the equipment specification sheets.

3.2.10.1. Thermodynamic Analysis

The cumulative degree of perfection (CDP) is calculated to evaluate the efficiency as the
ratio of the exergy of the product to exergy of the total input including the exergy of the raw

materials and the fuels.

(mb)products (3 9)

r 2(mb)raw materialst 2(MD) fuels

Np

where (mb),qw materiaisiS the exergy of raw materials supplied to the system, (mb) fy¢5iS
the exergy of any fuel (including electricity or natural gas, etc.) supplied to the system and

(Mb)proaucts 1S the exergy of the product obtained at the end of the process.

In CDP calculations, the raw materials added to the process are evaluated as chemical
exergies and physical exergies. Physical exergies are calculated according to the condition
of each stream such as temperature and mole fractions, at which specific material is supplied
to the process (Table B.2).
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4. EXPERIMENTAL STUDIES

4.1. SYNTHESIS METHOD

In literature there are different methods for bisphosphonate synthesis. BPs have been
prepared mainly by reaction of a carboxylic acid with phosphorous acid and halo phosphorus
compounds such as phosphorus trichloride (Figure 4.1), phosphorus pentachloride, or
phosphorus oxychloride, by alkylation of tetraalkylmethyl bisphosphonate and related
compounds [193], by Michael type addition to tetraethylethylidene bisphosphonate [194],
by [3+2] cycloaddition [195], and by reaction of an acylphosphonate with a dialkyl phosphite

in the presence of a catalytic amount of base [196].

The most expedient method for the preparation of 1-hydroxybisphosphonates, and the
method reported for the preparation 4-amino-I-hydroxybutylidene-1,1-bisphosphonic acid, is
the reaction of 4-aminobutyric acid (GABA) with phosphorus trichloride and phosphorous
acid (Figure 4.1) [197].

o, OH
“PLOH
1. PCla/HaPOy
R(CH2),COOH RCHoIn—OH
2. H0 JR-OH
0" OH
1 2

Figure 4.1. Synthesis reaction of zoledronic acid by phosphorylation [197].

1-H-imidazole-1-acetic acid hydrochloride will be phophorilized by phosphoric acid and
PCl3 and crude zoledronic acid will be synthesized. This product will be further purified to
obtain the monohydrate form. After the production trials in the lab scale, pilot facility will

be established and commercial batches will be produced.
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Figure 4.2. Flow chart for zoledronic acid synthesis [198]

Several experiments were carried out to optimize the reaction conducted for the synthesis of

zoledronic acid. After each experiment chemical analyses such as determination of melting

point, HPLC assay and IR spectra were performed. In this section experiment procedures are

presented with the chemical analysis in order to explain why certain strategies are followed.

Thermometer < -------- Wl hppestees » Condenser

\\
Constant temperature | ||
water bath \
|\

Speed regulator

________ @ Three necked round
> bottom flask

Figure 4.3. Schematic representation of reaction set up [199]
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A 2 L three neck round reaction flask, equipped with a thermometer to monitor temperature
during synthesis and reflux condenser to control gas output is used. Since the
phosphorylation reaction medium is a dense liquid, for 2 L volume flask mechanical stirrer
is used for more proper and homogenous stirring. For heating or cooling of reaction medium
a water bath is used. To reach high temperatures for example 100 °C a hot plate is used.
Schematic representation of reaction set up is given in Figure 4.3. The synthesis reaction
was carried out under fume hood, because of some volatile reactants such as PClz and

released corrosive gases during the reaction such as HCI.

4.1.1. Reaction in Chlorobenzene with Phosphoric Acid

4.1.1.1. 1%t Experiment

17.2 g (0.105 mol) Imidazol 1-yl- Acetic Acid HCI (starting material) and 24.5 mL (0.25
mol) o-Phosphoric Acid (85 per cent) (phosphorylating agent) are weighed and mixed with
50 ml chlorobenzene (solvent) in a three neck volumetric flask. Reaction mixture is heated
to 100 °C with hot plate. 27.8 ml (0.319 mole) PCls is dropwise added to the reaction
mixture. HCI gas generation and foaming is observed once PCls is added. A viscous mixture
is obtained and the color turned yellow. Total PClz addition span a total of 1.5 hours and a
viscous precipitate is observed, which stuck to the walls of the flask, therefore the

experiment was discontinued with further testing.

4.1.1.2. 2"4 Experiment

In order to overcome the issues about handling the viscous reaction mixture, the amounts of
all chemicals are doubled. Again, a yellow viscous mixture is obtained after PCls
introduction over 1.5 hours, followed by further mixing of another three hours. At the end

of the reaction, the viscous precipitate and its upper phase is separated by decantation.

80 ml of 9 N HCl is added to the viscous precipitate and the mixture is stirred mechanically
for three more hours. With the addition of HCI, an orange solution is obtained. To remove
the impurities, 30 g absorbent is added to the reaction mixture and stirring is continued for

30 more minutes. The solution is filtered using Nutsche and the filtrate is taken. To
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precipitate zoledronic acid out of the reaction solution, a solvent in which ZA is insoluble is
used as a precipitating agent. Both acetone and ethanol are potential candidates, however in

industrial scale, ethanol is safer so for the first trial 140 mL ethanol is used.

Once the filtrate is cooled to 25-30 °C, ethanol is added, however precipitation is not
observed. Ethanol is removed from the medium with distillation and acetone is used to
precipitate the solid. A white powder is obtained which is filtered through Nutsche, and left

to dry in a vacuum oven.

4.1.1.3.3" Experiment

Initially, 29 ml o-Phosphoric Acid (85 per cent) is mixed with 125 mL chlorobenzene and
30 g Imidazol 1-yl- Acetic Acid HCI is added after which the reaction mixture is heated to
60 °C. 55.6 ml PCls is added dropwise over 2-2.5 hours. Similar to the first trial HCI gas
generation is observed but the solution color was remained colorless and so throughout the
reaction. In this trial, temperature range of the reaction is reduced to 60-70 °C and PCl3

addition period is increased to 2 hours. The reaction is further mixed for six hours.

The temperature increased to reflux temperature (T=100 °C) upon addition of 160 ml 9 N
HCI and the reaction is mixed another five hours. Once the reaction is cooled to 30 °C, upper
phase is separated with decantation. Absorbent is added to this upper phase and filtered from
Nutsche. Since it is very acidic solution pump speed of Nutsche apparatus kept at lowest

degree. A clear solvent is obtained.

For the precipitation of Zoledronic acid acetone (350 ml) is added and the solution is mixed

for 2 hours however, precipitation is not observed.

The amount of acetone was doubled (700 ml) and the solution is mixed for one more hour.
White solid crystals precipitated out of the solution. Precipitate is filtered from Nutsche and
dried in the oven at 40 °C for one hour. 4.40 g of a product is obtained, which was not

zoledronic acid as easily dissolved in the water.

As the reaction does not proceed to form the desired product, a more effective
phosphorylation agent, phosphorous acid is chosen for the next experiment. Also, methane
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sulphonic acid is used as an alternative solvent to overcome the homogeneity problems at

low temperatures, to allow the reaction to be carried out at lower temperatures.

The reference, US4621077 [200], which gives method for alendronic acid and neridronic
acid synthesis, explains chlorobenzene usage in the synthesis as the solvent similar to
US4939130 [201] for zoledronic acid. Using this solvent gives solid and unstirrable masses
during the reaction. Some of other patents [200, 202, 203, 204, 205] suggesting the use of
chlorobenzene as reaction solvent, however the same drawback described above is again
experienced. Because of this drawback US4922007, US5019651 [206, 207] and US5510517
[208], as well as WO 2003093282 [209], suggests the use of methane sulphonic acid as
reaction solvent, therefore in the next experiment methane sulphonic acid is used.
Considering patent references and low yields obtained with phosphoric acid, phosphorous
acid is used as phosphorylating agent for the next experiments. In methane sulphonic acid
experiments phosphorous acid is used in the literature [206, 207, 208, 209], so second

reactant is chosen as phosphorous acid in the following experiments.

4.1.2. Reaction in Methane Sulphonic Acid with Phosphorous Acid

4.1.1.4.4" Experiment

0.3 moles Imidazol 1-yl-acetic acid HCI and 0.6 moles Phosphorous Acid (98 per cent) are
weighed and mixed with 2 moles methane sulphonic acid (99 per cent) (solvent) in a three
neck volumetric flask. Reaction mixture is heated to 60 °C in a water bath. 1 mole PClz is
added dropwise at 60 °C for 5 hours. Mixing of the solution continued for 15 hours. The
solution became a yellow dense liquid and have a unique odor suggesting that
phosphorylation took place.

4.1.1.4.1. Filtration

We use water-absorbent mixture to filtrate the solution. The solution is mixed for half an
hour and is filtrated from Nutsche. 200 ml NaOH (30 w/w per cent) solution is added
gradually, while the temperature is kept at 40 °C in a cold water bath. 245 ml Ethanol (96
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per cent) is added to the mixture and crystallization is observed. Upon mixing, the crystals
dissolved and mixing is continued for three hours until a clear precipitation of solid is
observed. Temperature is lowered to -2 to -7 °C with salted ice bath. The solution is further
mixed for three hours to help precipitation. The crystallized solid is collected by filtering

from Nutsche.

4.1.1.4.2. Crystallization

For purification of zoledronic acid different methods are encountered in the literature. WO
2004075860 [210] gives water crystallization technique. Similarly, US8193355 [211]
explain the crystallization as mixing the precipitated solid with purified water and dissolving
the solid at an elevated temperature; cooling the solution for crystallization; and filtering and

vacuum drying of the crystallized product.

Crystallization temperature used for the dissolution of zoledronic acid determines the
particular polymorphic form of zoledronic acid. In case of the solution heated to higher

temperatures to about 90 to 95° C, the crystalline monohydrate is produced. [212]

Time for the recrystallized mass to reach room temperature may range from 1 to 20 hours,
depending on the size of the batch being processed. There is no disadvantage to further
extending the cooling period, if not resulting in an increase in processing expense, where a
suitable time for a batch size can be experimentally determined. The cooling of the solution
could be simply achieved by radiation cooling in atmospheric conditions, together with
stirring, or controlled cooling mechanisms could be used such as jacket vessels or similar
like cold water bath [213].

The crystallization may be performed with stirring at ambient or reduced temperatures such
as about 20° C to 25° C or lower until the desired crystal yield has been obtained, in a time
range from one hour to about 72 hours. The crystallization step could include cooling or
heating the solution furtherly, or inducing precipitation by adding an agent. Recovery of the

isolated solid can be performed by filtration, centrifugation, and decanting [212].

According to US20060178439, the obtained compound can be dried furtherly under ambient

or reduced pressures. Drying under pressure at a temperature of between 40° C- 80° C, or
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even higher. Drying can be performed from about 2 hours to 24 hours until a required

residual solvent content has been obtained [212].

In this experiment, in crystallization step, 15 g of zoledronic acid crystals are dissolved in
300 ml water. Crystallization is achieved by mixing the solution for two hours at 90 °C,
followed by cooling down to 25-30 °C with a water bath mixing for two hours at this
temperature. At 70 °C precipitation is observed. The obtained solid is filtrated from Nutsche
and washed with water again. The solid material is obtained at the end of process is

approximately 10 g. Crystals are then dried in an oven at 60 °C for 12 hours.

4.1.3. Effect of Temperature

4.1.3.1. 5" Experiment

The same experiment repeated with slightly lower temperature 58 °C. The yield of synthesis
was low (around 40 per cent). The low yield temperature below 60 °C suggests that the

reaction should be carried out above 60 °C.

However, the reaction temperatures should not exceed 65° C in extreme levels. Since the
reaction becomes self-heating above 85° C, and the temperature will increase steadily under
adiabatic conditions. [206, 213]

4.1.3.2. 6" Experiment

Based on previous results, the experiment was repeated at 60-65 °C. It is observed that the

yield increased to 60 per cent.
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4.1.4. Method of Crystallization

4.1.4.1. 7" Experiment

Now the reaction conditions are optimized. The same synthesis method is used with

experiment 7™ and amounts of reactants are increased to optimize crystallization methods.

Trials were performed to increase the crystallization yield and purity of product.

4.1.4.1.1. First Crystallization Trial

Crystallization is performed with 1:30 (solid : water). Zoledronic acid is dissolved at 90-95
°C with hot plate and mixed for two hours, followed by hot filtration to separate any foreign
material. The solution is cooled down to 25-30 °C with water bath and mixed at this
temperature for 2 hours. The mixture is filtrated from Nutsche and the precipitate is washed

with water and put in a vacuum oven at 50-60 °C.

4.1.4.1.2. Second Crystallization Trial

Crystallization is performed again in 1:30 (solid : solvent) ratio this time solvent being water
/ ethanol mixture (1: 1). The crystallization solution is heated to 58-62 °C and mixed for two
hours. In this trial Zoledronic acid is suspended in the solution, not completely dissolved in
this conditions. The solution is separated into two when hot in order to examine the cooling

effect on precipitation of the product. The first part is cooled down to 25 °C and filtrated.

The second part is cooled down to 25 °C mixed for two hours and cooled to 0 °C, mixed at
this temperature for 2 hours and filtrated. The precipitated ZA samples are dried for 15 hours

in vacuum oven.

4.1.4.1.3. Third Crystallization Trial

Crystallization is performed with water, (solid : water ratio 1:15). ZA is dissolved at 90-95
°C and mixed for two hours and filtrated hot from Nutsche to get rid of foreign particles.
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When hot, solution was separated into two parts, to examine the effects of addition of ethanol

on the precipitation of the product.

Second half'is cooled down to 25 °C. 3:1 (water : ethanol) is added and then cooled down to
0 °C within 2 hours, mixed at this temperature for 2 hours and filtrated. Filtrate is dried for

15 hours in oven.

4.1.4.1.4. Fourth Crystallization Trial

Using water : ethanol in 1:1 ratio for crsytallization let to incomplete dissolution of the
synthesised product, 4:1 water : ethanol ratio is also tried. This time zoledronic acid is
dissolved at 78-80 °C and mixed for two hours and cooled down to 25 °C further mixing for
2 hours. Then, the solution is cooled down to 0 °C and mixed for another 2 hours at this
temperature, followed by cold filtration. The precipitate is dried in vacuum oven for 12

hours.

4.1.4.2. 8 Experiment

The experiment is repeated with the established crystallization method, where water is used
to dissolve zoledronic acid at 90 °C and ethanol water (1:3) is used for precipitation in cold

media.

4.1.5. Effect of pH

4.1.5.1. 10" and 11 Experiments

Effect of change in pH is experimented with parallel experiments. The yield found was lower
for lower pH value. The same experiment carried out at pH 1 lead to the precipitation of a
product that was not zoledronic acid.
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4.1.6. Excess of Halo Phosphorous Compound

4.1.6.1. 12" Experiment

In 121" experiment excess amount of halophosphorus compound, ie. PCls is used where
instead of 1: 3 carboxylic acid: halophosphorous ratio, excess PCls is at 1:4.5 ratio is
employed [214]. No yield difference is observed, so the ratio 1:3 kept as optimum amount

for this reactant.

4.1.7. Excess of Phosphorous Acid

4.1.7.1. 9" Experiment

The experiment is repeated with excess amount of phosphorylation agent (25 per cent
excess) where carboxylic acid: phosphorous acid ratio is increased 1:2 to 1:2.5.

4.1.7.2. 13" Experiment

Phosphorylation agent is used with increased excess amount (50 per cent excess) and having

molar ratio of 1:3.

4.1.8. Reproducibility

4.1.8.1. 14" 15% 16™ Experiments

Three production trials are repeated as validation batches. Synthesis yield increased from 30
per cents to 50 per cent at the end of the trials. Analytical tests is performed according to the
methods Materials and Methods in Chapter 3. Purity results are found in the range of 98-102

per cent in HPLC. The finally accepted procedure have the details described below.

Reactants are mixed as 0.6 moles 1H imidazole-1lyl-acetic acid HCI and 0.9 moles

phosphorous acid, in 4 moles methane sulphonic acid. Heated up to 65 °C. 2 moles of
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phosphorous trichloride is added dropwise at this temperature and the reaction occur during
15 hours. Filtrant is given at 75 °C and the solution is filtered hot from Nutsche. Filtrate is
cooled to adjust the pH with NaOH (30 per cent NaOH solution) to 0.6-0.8. At 20 °C, 4.1
moles ethanol added to precipitate zoledronic acid as solid. Reaction solution is mixed for
about 2 hours at 20 °C and cooled to minus degrees and mixed at this temperature after which
the solid is filtrated by the help of Nutsche. Crude zoledronic acid is crystallized in water (1

ZA: 20 water) and precipitated by the effect of ethanol (with water : ethanol ratio of 3:1).
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5. RESULTS AND DISCUSSION

5.1. EXPERIMENTAL RESULTS AND DISCUSSION

Experiments for synthesis of zoledronic acid are designed to increase the production yield
while keeping the purity level high. For this, reactant amounts, reaction medium and

temperature as critical parameters for phosphorylation reactions are modified.

5.1.1. Reaction in Chlorobenzene with Phosphoric Acid

5.1.1.1.1% Experiment

Using chlorobenzene as the solvent causes a viscous precipitate, which was hard to mix and

stuck to the walls of the flask, therefore the experiment was discontinued with further testing.

5.1.1.2. 2" Experiment

Using double amounts of reactants and the solvent helped dealing with the sticky solution.
Acetone and ethanol are used commonly to precipitate the zoledronic acid as solid from the
reaction solution. Ethanol is safer and chosen as the first choice but no precipitation is
observed. Ethanol is removed from the medium with distillation and acetone is used to
precipitate the solid. A white powder is obtained which is filtered through Nutsche, and left

to dry in a vacuum oven.

The melting point of the product was found as 210 °C using capillary method according to
EP 9.1 - 2.2.14 (Stuart SMP 40), where the MP of the reference material is 244 °C.
Zoledronic acid is sparingly soluble in water (25 °C), whereas the synthesized product
dissolves easily in water. Based on these results, the reaction conditions were considered

unsuitable no further analysis was performed and a modified procedure is employed.
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5.1.1.3. 3" Experiment

With excess PCls; and prolonged reaction period (from 3 h to 6 h) and prolonged PCl3
addition period (2-2.5 hours) temperature range of the reaction is reduced to 60-70 °C a clear
solvent is obtained at the end. For the precipitation of zoledronic acid acetone (350 ml) is
added and the solution is mixed for 2 hours however, precipitation is not observed.

When the amount of acetone was doubled (700 ml) and the solution is mixed for one more

hour solid crystals precipitated out of the solution.
MP of the product is found to be 210 °C, which is lower than that of the desired product.

Table 5.1. IR spectral data of zoledronic acid

Frequency (cm™) Assignments
1642.26 CH=CH Stretching
1193.12 P-O Stretching
1406.52 C-H Stretching
1293.62 P=0 Stretching
928.41 C-C Stretching
2806.31 -CH; Stretching
1586.02 C-N Stretching
3204.74 -OH Stretching

IR analysis performed for that sample. The unique peaks for zoledronic acid are represented
in Table 5.1 [163]. The obtained product is found not zoledronic acid observing not
similarity to the reference material. HPLC analysis therefore was not performed and this

synthesis method was also classified as unsatisfactory.

As the reaction conditions are found hard to deal, challenging crystallization and giving a
low vyield product, other phosphorylation agents and reaction medium are questioned.
Phosphorous acid is also used commonly as phosphorylation agent and which was found
more efficient. Methane sulphonic acid is used recently as an alternative solvent to overcome
the homogeneity problems at low temperatures, to allow the reaction to be carried out at
lower temperatures in bisphosphonate synthesis. The experiments then continued with

phosphorous acid as phosphorylation agent and methane sulphonic acid as the solvent.
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5.1.2. Reaction in Methane Sulphonic Acid with Phosphorous Acid

5.1.2.1. 4" Experiment

By using methane sulphonic acid, the problems regarding with the sticky reaction mixture
is overcome. The reaction also performed moderately lower temperatures (65 °C). Longer
period of PClz addition also helped to phosphorylation, because of that addition period is
prolonged to 5 hours. An orange-yellow colored dense liquid obtained at the end with a smell
unique to phosphorous compounds. Ethanol is used as precipitation agent, and with the

addition of ethanol, a white solid starts to precipitate immediately.

Solid material is 26.8 g (a yield of 54 per cent). Obtained solid is tested for melting point

and found as 244 °C, which is the same as the reference standard of zoledronic acid.

In this experiment, crystallization in water is experienced. Crystals obtained are zoledronic
acid monohydrate with the water content of 7.1 per cent. Crystallization yield is 0.67 per
cent. IR results (Figure A.1) shows 0.99 fit with the USP standard. Comparability percentage

gives how similar two substances are.

HPLC analyses are performed as explained in the Materials and Methods in Chapter 3. Two
runs are performed and a mean result is considered on anhydrous basis (Figure A.2 and
Figure A.3). So results in the appendix are corrected with the water content found in Karl-
Fischer analysis. In this trial the water content is found to be 7.1 per cent (Figure A.4). The
result meets the monohydrate limit. Assay as purity is in total 99 per cent when compared
with the USP standard.

Results of analysis for identification and purity for experiment 4" approved that the obtained

product is pure zoledronic acid monohydrate.
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5.1.3. Effect of Temperature

5.1.3.1. 5" Experiment

The same experiment repeated with slightly lower temperature 58 °C, to show if lower
temperature ranges are possible for the reaction. The yield of synthesis was low (around 20
per cent) and that purity was low showing the reaction is not accomplished well. The results

at temperature below 60 °C suggests that the reaction should be carried out above 60 °C.

5.1.3.2. 61" Experiment

Based on previous results, the experiment was repeated at 60-65 °C. It is observed that the
yield increased to 60 per cent. IR result of 6™ experiment suggested 0.99 fit with the
reference (Figure A.5). HPLC analyses performed with the alternative method described in
the Materials and Methods in Chapter 3. Mean result suggests, 90.59 per cent purity on as is
basis considering zoledronic acid in monohydrate molecule (Figure A.6 and Figure A.7).
TGA analysis is applied to analyze the water content giving 8.15 per cent weight loss.
Considering this result molecule is a monohydrate and assay result gives 98.62 per cent as
monohydrate molecule. TGA curve obtained is not a smooth curve. The gradual water loss

could be because of the surface water or any remained solvents.

The structural tests are also done for experiment 6, since the synthesis method is

consistently giving the same quality comparable with the reference standard.

5.1.3.2.1. Structural Tests

To validate the structure of zoledronic acid that we get at the end of first trials we made
NMR, 2D- Homonuclear COSY Spectrum, 2D-Heteronuclear HSQC Spectrum, 2D-
heteronuclear HMBC Spectrum, mass spectrum in Ankara university. We use standard of

Zoledronic acid firstly to compare with our synthesized product.
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513.2.1.1. NMR Analyses

Nuclear magnetic resonance spectroscopy became the superior technique for determining
the structure of organic compounds. For NMR complete analysis and interpretation of the
entire spectrum is expected. Using NMR as an analytical tool correctly, it is necessary to
understand on which principles the methods are based. NMR and Mass Spectrums were
conducted after zoledronic acid was converted to ammonium salt with ammonium

hydroxide.

5.1.3.2.1.2. 'H-Proton NMR Spectrum

Proton NMR (also Hydrogen-1 NMR, or'H NMR) is used to determine the structure
the molecules of a substance as an application of nuclear magnetic resonance in NMR

spectroscopy with respect to hydrogen nuclei [215].

H atoms is the molecule are found comparing with reference standard and literature
references. There are few samples of references which studied zoledronic acid before and

their results are given in Table 5.2. Proton numbers are given according to Figure 5.1.

4
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Figure 5.1. [1-Hydroxy-2-(1H-imidazole-1-il)ethan-1,1-di-il]bis(phosphonic acid)
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Table 5.2. 'H-NMR results of Zoledronic acid in the literature

Chemical shifts, ppm
Reference
Ethane 2-CH:> Imidazole H-4 Imidazole H-5 Imidazole H-2
Srinivasa Rao et 4.63-4.66 (m) 7.34 (s) 7.48 () 8.68 ()
.63-4.66 (m .34 (s A48 (s .68 (s
al. [216]
Ratrout et al. [217] 4.21-4.28 (m) 6.62 (s) 6.99 (s) 7.48 (s)
Nmrdb [218] 4.35 (s) 6.98 (s) 7.22 (s) 7.77 (s)
Samsel et al. 2008 4.46 (m) 6.90 (5 723(9) 7759
46 (m .90 (s 23 (s 75 (s
[219]

In NMR principle when a peak is created a proton is changing its direction against or
alignment to the magnetic field. According to the structure of the molecule there are four
different hydrogen nuclei. Imidazole ring hydrogens are on carbon 2 and 4, 5 (Figure 5.1.).
The hydrogens 4 and 5 are adjacent hydrogens. If there are any adjacent atoms attached to
the neighboring carbon, it appears as multiplet (m) according to the n+1 rule and adjacent
hydrogens on the neighbor carbon are numbered as n. So considering the n+1 rule, for single
adjacent atoms, peaks would be as doublets. However they are observed as singlets (s)
having close chemical shifts, because they are close to be symmetric and have shifting effects
on each other and they appear as singlet. Hydrogen on carbon numbered 2 is expected to

have larger chemical shift because of the electronegativity from the neighboring atoms.

In general distribution of proton chemical shifts associated with different functional groups,
aromatic rings are in range of 6-9 ppm [220]. Imidazole part of the molecule is analyzed by
H-NMR in the literature and H-2 usually give peak around 7.8 with deuterium as the solvent
and H-4 and H-5 around 7.1 [221]. In zoledronic acid these peaks are shifted to the left of

the spectrum by the effect of additional groups.

Ethane group attached to imidazole ring has two hydrogen atoms on the same carbon
numbered as 2. As they have no adjacent protons, their peaks are expected to be a single
peak having higher magnitude than single protons. However with the effect of P atom, the
peak is observed to have further splitting [222]. RN-CH hydrogens give peak in 2-3 ppm
region [223]. However with other groups attached to the adjacent carbon have shifting

effects and their peaks are observed in 4-5 ppm region.
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Considering all these, following results are obtained from H-NMR analysis; as deuterium
(D20) as solvent and chemical shifts (8) as ppm; 4.678 - 4.726 (t, 2H, J=9.6 Hz, Etan 2-
CH2), 7.385 (s, 'H, imidazole H-4), 7.536 (s, 1H, imidazole H-5), 8.735 (s,1H,imidazole
H-2) (8 (ppm) : Proton chemical shift, J (Hz): Coupling constant, t, s: Multiplicity of the *H
resonance). Comparing with literature, the substance is found to be a zoledronic acid
molecule. The spectrums are given in Figure A.9, A.10 and A.11. The peak around observed
around 4.8 is associated with water could be part of the solvent. For the other H molecules
as hydroxyl groups (OH) are not appeared on the spectrum because of the interactions with

the solvent.

5.1.3.2.1.3. BC- NMR Spectrum

Carbon NMR (**C-NMR or sometimes simply referred to as carbon NMR) is used to detect
the structure of molecules in a substance. In C-NMR, nuclear magnetic resonance (NMR) is
applied with respect to carbon atom. It is analogous to proton NMR (H-NMR) and allows
the identification of carbonatomsin anorganic molecule just as proton NMR
identifies hydrogen atoms. Zoledronic acid C-NMR is analyzed in the literature and some

references are given in Table 5.3. Carbon numbers are given according to Figure 5.1.

Table 5.3. 13C-NMR results of Zoledronic acid in the Literature

Chemical Shifts, ppm
Reference Imidazole Imidazole Imidazole
Ethane C-2 | Ethane C-1
C-4 C-5 C-2
Srinivasa Rao
53.0 73.2 118.5 124.2 136.1
et al. [216]
Ratrout et al.
52.1 75.1 122.8 125.8 140.0
[217]
Nmrdb [218]
49.3 77.9 129.2 119.3 137.6

The C-NMR spectrum of a compound displays a single sharp signal for each structurally
distinct carbon atom in a molecule. In proton NMR spectroscopy, the relative strength of

signals are normally proportional to the number of atoms generating each signal, however
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in C-NMR the situation is not like this. This makes the number of discrete signals and their
chemical shifts important for evidence of a chemical structure. The general distribution of
carbon chemical shifts associated with different functional groups are C-H saturated carbons
in 0-50 ppm, aromatics 100-170 ppm, C-OH and C-N groups in 50-100 ppm ranges [220].
Carbons in imidazole molecule without any subsequent groups, give peaks as; C-4 and C-5
around 121-122 ppm and C-2 around 135-136 ppm [221].

According to the structure of the molecule given in Figure 5.1, there are five different groups
of carbons so five different peaks are expected. The results are as; with deuterium (D20) as
solvent and chemical shift (3) as ppm; 55.475 (Ethane C-2), 74.4-77.1 (t, Etan C-1), 121.2
(imidazole C-4), 126.91 (imidazole C-5), 138.8 (imidazole C-2).

According to spectrums obtained (Figure A.12 and Figure A.13) carbon atoms of the ring is
expected over 100 ppm which are seen as three peaks between 120-140 ppm. The highest
shift is expected as C-2 considering neighboring atoms and the lower two peaks are
associated with two adjacent carbon atoms. One of the carbon atoms numbered as C-2 is
expected having the lower chemical shift. The other carbon of ethane as C-1 has hydroxyl
group expected in 50-100 range. All peaks are expected as singlets however the effects of
the magnetic field of P atoms causes further splitting for the peaks close to the P groups
[222]. Due to two P atoms the peak is split as a triplet (in magnitude 1:3:1).

Considering all the data obtained, the molecule is found fitting to the data in the literature

and identified as zoledronic acid.

5.1.3.2.1.4. 2D- Homonuclear COSY Spectrum

Two-dimensional nuclear magnetic resonance spectroscopy (2D NMR) give the data as
plotted in a space which is defined by two frequency axes rather than one. Correlation
spectroscopy (COSY) is one of the types of 2D NMR analysis. COSY gives homonuclear
proton-proton interactions which give signals of neighboring atoms up to four bonds.
Correlations appear when there is spin-spin coupling between protons, but no correlation

means no coupling [223].

The diagonal peaks are associated with the molecule itself, and other peaks are cross peaks

which are away from the diagonal are related with the neighboring atoms and they are
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symmetric to the diagonal. Zoledronic acid has two peaks giving relation with the imidazole
4-H and imidazole 5- H protons which are symmetric to the diagonal (Figure A.14 and Figure
A.15).

5.1.3.2.1.5. 2D-Heteronuclear HSQC Spectrum

The 2D HSQC (Heteronuclear Single-Quantum Correlation) is used to obtain a 2D
heteronuclear chemical shift correlation between directly-bonded 1H and X-heteronuclei
(commonly, C and **N). It is widely used because it is based on proton-detection, which

gives high sensitivity [224].

Table 5.4. HSQC results of Zoledronic acid

Carbon & (ppm) Proton & (ppm)
Etan C-2 CH, 55.470 4.678 - 4.726
Imidazole CH-4 121.230 7.385
Imidazole CH-5 126.914 7.536
Imidazole CH-2 138.825 8.735

As seen from the Table 5.4 and the Figures A.16 and A.17, hydrogen atom relation with its
directly bonded carbon are observed as peaks on the spectrum. 2D Spectrum is composed as
one axis referenced to C-NMR and one axis to H-NMR and peaks are seen as associating
hydrogen peaks in H-NMR and related carbon peaks of C-NMR.

5.1.3.2.1.6. 2D-heteronuclear HMBC Spectrum

The HMBC (Heteronuclear Multiple Bond Correlation) experiment gives correlations
between carbons and protons that are separated by two, three, and, sometimes in conjugated
systems, four bonds. It is used for the correlation map between long-range coupled 1H and
heteronuclei (commonly, 3C). Direct one-bond correlations are mainly not visible since they
are suppressed. The intensity of cross peaks depends on the coupling constant. For angles
near 90 degrees such as dihedral angles, the coupling is near zero. Thus, the absence of a

cross peak does not confirm that carbon-proton pairs are many bonds apart [225].
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Table 5.5. HMBC results of Zoledronic acid

Carbon & (ppm) Protons
Imidazole CH-4 121.230 Imidazole H-2 and H-5
Imidazole CH-5 126.914 Imidazole H-2, Ethane 2-CH; and H-4
Imidazole CH-2 138.825 Imidazole H-4, H-5 and Ethane 2-CH.

As seen in the Table 5.5 and in Figures A.18 and A.19, correlation between imidazole
carbons with neighboring bonds are observable. Imidazole C-2 has three bond correlation
with H-4 and H-5 and H-2 on ethane. Imidazole C-5 has two bond correlation with imidazole
H-4, three bond correlation with imidazole H-2 and ethane H-2. Imidazole C-4 has two bond
correlation with imidazole H-5 and three bond correlation with imidazole H-2. The
difference between two bond and three bond correlations could be seen as the density of the

peaks.

5.1.3.2.1.7.  Zoledronic Acid Mass Spectrum

A mass spectrum is an intensity vs. m/z (mass-to-charge ratio) plot and the length of the bar
indicates the relative abundance of the ion. The mass spectrum of a sample gives the
distribution of the ions of a molecule in terms of their mass (more correctly: mass-to-charge
ratio). When a pure sample is considered given to the system the haviest compound is the
molecular ion it self and the lowest masses are ion fragments of the molecule [219].
Zoledronic Acid molecular weight CsH10N207P, = 272 m/z. Waters Alliance HPLC
equipment with Waters Micromass ZQ spectrometer is used for HPLC/MS spectrums.

Different mass spectrum results are given in Table 5.6.

Table 5.6. Mass spectrum results of Zoledronic acid in the literature

References Srinivasa Rao et al. [216] Ratrout et al. [217]

Molecular weight, m/z 271.0 273.0

As the first step in the mass spectrometric analysis is using electron ionization to create gas

phase ions of the compound. This molecular ion undergoes fragmentation. Each primary
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product ion derived from the molecular ion, undergoes fragmentation, and fragmentation
continues. The ions are separated in the mass spectrometer according to their mass-to-charge
ratio, and are detected in proportion to their abundance. lons detected by mass spectrometer
provide information about the nature and the structure of their precursor molecule. In the
spectrum of a pure compound, the molecular ion, if present, appears at the highest value of
m/z (followed by ions containing heavier isotopes) and gives the molecular mass of the

compound [227].

Mass Spectrums of zoledronic acid is represented in Figure A.20, highest peak on the
spectrum is on 273 m/z. The common molecule is found at 271 m/z. This two weight

difference could be caused by the common carbon isotope *°C and *C [228].

5.1.4. Method of Crystallization

5.1.4.1. 7" Experiment

Now the reaction conditions are optimized. The same synthesis method is used with
experiment 7" and amounts of reactants are increased to optimize crystallization methods.

Trials were performed to increase the crystallization yield and purity of product.

Besides HPLC for purity (Figure A.21 and Figure A.22 for the 1% trial, Figure A.24 and
Figure A.25, Figure A.27, Figure A.28 for 2" trial, Figure A.30, Figure A.31, Figure A.32
and Figure A.33 for 3" trial and Figure 36 and Figure 37 for the 4™ trial), differential
scanning calorimetric (DSC) analyses are also performed to support polymorphic structure.
A typical DSC scan of zoledronic acid shows an endothermic peak below about 160-170 °C
due mainly to water desorption, and a subsequent endotherm at about 200 °C, concomitant
to an exothermal reaction [229]. Thermogravimetric analysis (TGA) analyses also performed
to detect the water content of the each crystallization trial. TGA curves are given with DSC
results to observe the mass loss associated with water loss in parallel. DSC curve of
Zoledronic acid standard gives decomposition at 235.27 °C. In different crystallizations,
different results of water content was found this caused some differences in the peak around
100 °C. However all DSC results of different crystallizations gave same melting point

proving consistent polymorphic structures.
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Figure 5.2 shows the DSC curve of zoledronic acid monohydrate standard. Starting from
100 °C and going forward, an endothermic sharp peak occurs at 114 °C. At 235 °C another
peak is observed which reveals endothermic features before decomposition. This
endothermic peak changes into an exothermic peak. This short peak could show the energy
gained by the molecule before decomposition. The interpretation of the DSC curve could be
challanging. DSC is used to determine the temperatures at which the sample wents through
decomposition and melting. However using DSC curve alone could not give exact
interpretation of these temperatures. The peaks observed between 100 °C and 160 °C could
not be interpreted as melting but a solvent evaporation. The sample begins to decompose at
least in two steps above 196 °C. A decomposition is not observed until around 225 °C. The
decomposition products are liquid at this temperature. The thermal behavior of zoledronic

acid was further investigated using a TGA analysis (Figure 5.2) [230].

Some different references that worked zoledronic acid DSC results are summarized in Table
5.7.

Table 5.7. DSC results of Zoledronic acid in the literature

References Mohakhud et al. [212] Mettler [230] Labriola et al. [231]
Endotherm for water loss, °C 88 100-160 68-128
Endotherm for decomposition,
224 190-211 211-215
°C
Exothermic reaction, °C 234 226

5.1.4.1.1. First Crystallization Trial

After water crystallization, the obtained amount is 22.8 g with moisture content of 7.13 per
cent is calculated from the thermogravimetric analysis (TGA). TGA curve of trial 1 is
represented in Figure 5.2. From the original 30 g the crystal zoledronic acid is 21.85 g which

gives the yield of 73 per cent.

In Figure A.23, first crystallization trial decomposition point is 228 and 233 °C. This gradual
decomposing could be caused because of the new generated decomposition products.
Starting from 100 °Cs onward, a broad endothermic peak is observed which gives at 146 °C

a relatively sharp endothermic peak. The endothermic peaks are changing directly into an
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exothermic peak which is at 242 °C. The peaks obtained are close to the standard. The broad
curve around 150 °C could can be explained by a melting process of a component and/or the

gradual water loss.

5.1.4.1.2. Second Crystallization Trial

Crystallization in 1:30 (solid : solvent) ratio and solvent as water / ethanol mixture (1: 1)
zoledronic acid could not completely dissolved. The suspension solution is separated into
two when hot in order to examine the cooling effect on precipitation of the product. The first
part is cooled down to 25 °C and filtrated. In Figure A.26 the DSC curve shows a broad
endothermic peak from about 130 °C onward, giving peak point at 149 °C. An endothermic
peak is observed at 237 °C could be represented as the decomposition temperature. This

curve changes directly into an exothermic peak at 243 °C.

The second part is cooled down to 25 °C mixed for two hours and cooled to 0 °C, mixed at
this temperature for 2 hours and filtrated. The precipitated ZA samples are dried for 15 hours

in vacuum oven.

DSC result shows decomposition at 240.01 °C for the second part (Figure A.29). The DSC
curve shows, an endothermic peak at 145 °C and another shorter one at 160 °C. Another
endothermic peak is observable at 240 °C interpreted for decomposition. At 245 °C, the
observed peak gives an exothermic feature.

The dispersion was arbitrarily separated into two, therefore after drying their total mass is

measured. 26 g product with 2.22 per cent moisture, giving a yield of 84 per cent is obtained.

5.1.4.1.3. Third Crystallization Trial

Crystallization performed with water, (solid : water ratio 1:15) and, solution was separated
into two parts when hot, having a clear solution. One part is precipitated with ethanol and
the effects of ethanol on the precipitation is observed parallel with the sample precipitated

without ethanol effect.
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The first part as cooled down to 25 °C then 0 °C, gives a product with 12.21 per cent

moisture, which bring the yield of crystallization to 72 per cent. DSC result shows
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decomposition at 241 °C for the first part (Figure 5.5). The DSC curve shows, multiple
endothermic peaks at 87 °C, 104 °C, 132 °C. These gradual peaks in this interval can be
interpreted as a melting process and/or the gradual water loss. Another endothermic peak is
visible at 241 °C interpreted for decomposition. The peak changed directly into an

exothermic peak at 245 °C.

3:1 (water:ethanol) is added to the second half at 25 °C. The obtained amount is 14.91 g with
11.93 per cent moisture content, resulting in a better yield of 87.5 per cent. The DSC curve
for second part (Figure 5.6) also shows, multiple endothermic peaks at 90 °C, 105 °C and
138 °C similarly. These gradual peaks can be interpreted with a melting process and/or the
gradual water loss. The gradual mass loss could be also seen in DSC results in Figure A.32
and Figure A.35. A visible peak at 241 °C gives endothermic behavior and is interpreted for
decomposition. The peak observed at 245 °C reveals exothermic feature resulted by further
heating. From this trial it was seen that effect of addition of ethanol helps to precipitation of

the substance after crystallized in water.

5.1.4.1.4. Fourth Crystallization Trial

Using water : ethanol in 1:1 ratio for crystallization let to incomplete dissolution of the
synthesized product, 4:1 water : ethanol ratio is also tried. This time zoledronic acid is
dissolved at 78-80 °C. The obtained amount is 17.4 g with 1 per cent moisture content,
resulting in a yield of 69 per cent. The DSC and TGA curve (Figure 5.7) shows, an
endothermic peak at 121 °C. Another endothermic peak is visible at 240 °C interpreted for

decomposition. This peak changes into an exothermic peak at 245 °C.

Results obtained from crystallization trials are summarized in Table 5.8. Based on this
results, the crystallization procedure which will be used in the production is the one
described in trial 3-2, where zoledronic acid is dissolved in water at 90-95 °C and cooled
down to 25 °C followed by addition of ethanol in 3:1 (water : ethanol) ratio and cooling
down to 0-5 °C. The addition of ethanol and low temperature effects are shown to enhance
the precipitation of zoledronic acid and increase the yield of pure product. In the drying
period there is a deviation and a trihydrate molecule is obtained for trial 3" and this is

overcame with the corrected drying time.
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Even if there is a process deviation trial 3 has a high yield considering other trials, marking
for trial 2"9, the material is not completely dissolved because of the low boiling point of
ethanol. The results obtained from different crystallization processes are summarized in
Table 5.8.

Table 5.8. Summary of results obtained in 7" experiment

. Trial 2 Trial 3 .
Tests Standard Trial 1 _ _ _ _ Trial 4
Trial 2-1 Trial 2-2 Trial 3-1 Trial 3-2
Assay % 102.24 98.77 99.7 99.1 98.7 99.16
Decomposition °C 235 233 237 240 241 241 240
Water Loss % 6.33 7.13 5.95 6.13 15.83 15.94 6.11
Yield % 73 84 84 72 87.5 69

5.1.4.2. 8t Experiment

The experiment is repeated with the established crystallization method, where water is used
to dissolve zoledronic acid at 90 °C and ethanol : water /1:3 is used for precipitation in cold
media. The production yield for reaction is 51 per cent and for crystallization yield is

calculated as 75 per cent.

IR results show 0.999 fit with the reference standard (Figure A.39) approving the substance
IS zoledronic acid. Karl-Fischer result shows 6.35 per cent water content, approving the
monohydrate form (Figure A.42). Assay result is found 100.3 per cent considering the water
content. Related chromatograms are attached (Figure A.40 and Figure A.41).

5.1.5. Effect of pH

5.1.5.1. 10" and 11 Experiments

The vyield found was lower for lower pH value when the effect of change in pH is
experimented with parallel experiments. The yield, decreased from 51 per cent to 43 per cent
for pH values 0.7 and 0.4 respectively. Assay results however shows that the both products
have good purity, as 99.75 per cent, 99.95 per cent respectively, (Figure A.44, Figure A.45
and Figure A.48 and Figure A.49) with the addition of KF results as 6.01 per cent, 6.35 per
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cent respectively (Figure A.46, Figure A.50). IR results shows 0.99, 0.99 correlation with
the reference standard, respectively (Figure A.43 and Figure A.47). The obtained results

approving the obtained products are pure zoledronic acid monohydrate.

The same experiment carried out at pH 1 lead to the precipitation of a product that was not
zoledronic acid. Lower pH values reduced the reaction yield therefore the pH of the medium
was kept as pH 0.6-0.8 as described in US8952172 [230].

5.1.6. Excess of Halo Phosphorous Compound

5.1.6.1. 12" Experiment

In 121" experiment excess amount of halophosphorus compound, ie. PCls is used where
instead of 1: 3 carboxylic acid: halophosphorous ratio, excess PCls is at 1:4.5 ratio is
employed [214]. No yield difference is observed, so the ratio 1:3 kept as optimum amount
for this reactant. Assay results shows considerably lower purity, as 96.63 per cent (Figure
A.52 and Figure A.53). However, IR result shows 0.99 correlation with the reference
standard (Figure A.51). KF result is as expected as 6.31 per cent for the monohydrate content
(Figure A.54).

5.1.7. Excess of Phosphorous Acid

5.1.7.1. 9" Experiment

The experiment is repeated with excess amount of phosphorylation agent (25 per cent
excess) where carboxylic acid: phosphorous acid ratio is increased 1:2 to 1:2.5. Total yield
increased from 32 to 37 per cent. Assay results shows that the product has good purity, as
100.00 per cent with the same retention time of the standard (Figure A.56 and Figure A.57).
KF result is found as 16.64 per cent that proving the synthesized material is a trihydrate form
and drying will be applied to get the monohydrate form (Figure A.58). However, IR result
shows 0.88 correlation with the reference standard (Figure A.55). This is found not an
expected correlation and the difference is mainly causing by the 600-1000 cm™ region. The
unique peaks for zoledronic acid is 671, 712, 766, 975, 1301 , 1323, 1406, 1460, 1550, 2826,
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3154, and 3484, + 5 cm™ and directly transition from trihydrate form to monohydrate form
is possible with drying [232]. The region is related mainly C-C stretching. A volatile
impurity could cause such difference since loss on drying test is applied and the same result

Is approved.

In this experiment drying was terminated in 5 hours and this could cause a trihydrate form

according to the assay result with the moisture content.

5.1.7.2. 13" Experiment

Phosphorylation agent is used with increased excess amount (50 per cent excess) and having
molar ratio of 1:3. The total yield is increased to 44 g (58 per cent). Assay results shows that
the product has good purity, as 96.87 per cent (Figure A.60 and Figure A.61) considering
KF result as 3.83 per cent (Figure A.62). The purity is found considerably low with the
reference monohydrate due to the lower hydrate content. This could be caused by the drying

time. IR result shows 0.99 correlation with the reference standard (Figure A.59).

5.1.8. Reproducibility

5.1.8.1. 14", 15t 16" Experiments

Three production trials are repeated as validation batches. Synthesis yield increased from 30
per cents to 50 per cent at the end of the trials. Analytical tests is performed according to the
methods given in the Materials and Methods in Chapter 3. Purity results are found in the
range of 98-102 per cent in HPLC. The finally accepted procedure will have the details as

below, and related chromatograms are attached.

A reliable assay method for zoledronic acid ion-change chromatography is used since it is
an ionic substance. Zoledronic acid assay methods were tried to establish a validated method.
The method uses HPLC system with C18 column. The details of method for assay are

represented in the Materials and Methods in Chapter 3.

Analytical method is referenced above is validated in the below according to the ICH
guideline Validation of Analytical Procedures: Text and Methodology Q2 (R1), ICH
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Harmonised Tripartite Guideline. The validation is taken in six parts are system suitability,
selectivity, precision, linearity, solution stability, zoledronic acid LOD and LOQ values. The
results obtained to check the reproducibility of the obtained procedure is summarized in

Table 5.9.

H-NMR results (Figure A.67 for 14" experiment, Figure A.81 for 15" experiment, Figure
A.96 for 16™ experiment) shows parallel results for three of experiments and consistent
results with the literature and previous experiments. This time some peak splitting is
observed after a while the experiment is finalized. This splitting is caused by the
electromagnetic effects of phosphorous. Following results are obtained from H-NMR

analysis; as deuterium (D20) as solvent (Table 5.10).

Table 5.9. Results obtained for reproducibility

Results 14t 15" experiment | 16 experiment Reference
experiment
) Figure A.63
IR, correlation )
. 0.99 0.99 0.99 Figure A.77
ratio )
Figure A.92
Figure A.66
KF, % 7.18 6.47 6.76 Figure A.80
Figure A.95
Figure A.64 - Figure A.65
Assay, % 99.93 99.47 99.0 Figure A.78 - Figure A.79
Figure A.93 - Figure A.94

Table 5.10. *H-NMR results of reproducibility batches

] Chemical shifts, ppm
Experiment No

Ethane 2-CH,

Imidazole H-4

Imidazole H-5

Imidazole H-2

14" experiment

4.626-4.674 (m)

7.335-7.344 (1)

7.536-7.544 (1)

8.656-8.663 (1)

15" experiment

4.629-4.677 (m)

7.339-7.347 (1)

7.538-7.546 (1)

8.663-8.670 (1)

16" experiment

4.629-4.677 (m)

7.338-7.347 (1)

7.537-7.546 (t)

8.662-8.665 (t)

C-NMR results (Figure A.70 for 14" experiment, Figure A.84 for 15" experiment, Figure

A.99 for 16" experiment) shows parallel results for three of experiments and consistent
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results with the literature and previous experiments. The results are given in Table 5.11. A

peak splitting on the carbons which are close to the phosphate groups are observed.

Table 5.11. C-NMR results of reproducibility batches

Experiment No

Chemical Shifts, ppm

Ethane C-2

Ethane C-1

Imidazole
C-4

Imidazole
C-5

Imidazole
C-2

14" experiment

55.906-55.963

74.218-76.706

121.474

126.565

138.645

15" experiment

55.899-55.857

74.218-76.712

121.416

126.571

138.619

16" experiment

55.906-55.963

74.231-76.719

121.429

126.578

138.632

COSY spectrums are represented in Figure A.72 for the 14" experiment, Figure A.86 for
15" experiment, Figure A.101 for the 16" experiment. Zoledronic acid has two peaks giving
relation with the imidazole 4-H and imidazole 5-H protons which are symmetric to the
diagonal (Figure A.14 and Figure A.15). COSY is a homo nuclear correlation spectroscopy
where plot is between two protons molecules which are attached directly or a little away
[233]. A lower density peak is observed between the imidazole H-2 and imidazole C-4 and

imidazole C-5 this time different to the previous experiment.

HSQC spectrums are represented in Figure A.73 for the 14" experiment, Figure A.87 for
15™ experiment, Figure A.102 for the 16™ experiment. HSQC shows parallel results for three
of experiments and consistent results with the literature and previous experiments. C-NMR
and one axis to H-NMR and peaks are seen as associating hydrogen peaks in H-NMR and
related carbon peaks of C-NMR.

HMBC spectrums are represented in Figure A.74 for the 14" experiment, Figure A.89 for
the 15" experiment, Figure A.104 for the 16" experiment. HMBC shows parallel results for
three of experiments and consistent results with the literature and previous experiments.
Imidazole C-2 has three bond correlation with H-4 and H-5 and H2 on ethane. Imidazole C-
5 has two bond correlation with imidazole H-4, three bond correlation with imidazole H-2
and ethane H-2. Imidazole C-4 has two bond correlation with imidazole H-5 and three bond
correlation with imidazole H-2. The difference between two bond and three bond

correlations could be seen as the density of the peaks.
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Mass spectrums are represented in Figure A.76 for the 14™ experiment, Figure A.91 for the
15™ experiment, Figure A.106 for the 16" experiment. Mass analyses show parallel results
for three of experiments and consistent results with the literature and previous experiments.
Highest peak on the spectrum is on 273 m/z. The common molecule is found at 271 m/z.
This two or three weight difference could be caused by the common carbon isotope *2C and
13C, N and *N [228].

5.2. EXERGY RESULTS AND DISCUSSIONS

The synthesis was carried out with the reaction of imidazole 1-yl-acetic acid HCI
(CsH7CIN20O2, Wudi Reaction Pharma & Chemicals co., Ltd., Shandong Province, China),
with phosphorous acid (HsPOs, Sigma Aldrich, USA), in the presence of phosphorous
trichloride (PCls, Sigma Aldrich, USA) in methane sulphonic acid solvent (CH3SOsH,
Sigma Aldrich, USA). Sodium hydroxide (NaOH, Merck, Germany) and ethanol (C.HsOH,
J.T. Baker, Poland) were also used for pH adjustment and crystallization, respectively. All
the chemicals used in production were pharma grade, NaOH had more than 97 per cent,
C2Hs0OH had more than 96 per cent and all the other chemicals had more than 99 per cent
purity. Amounts of the reactants and the crystallization conditions are optimized to achieve
higher yields. Reactor capacity was chosen to satisfy approximately 1/6™ of the market share,
e.g., 50 g zoledronic acid corresponding to 10,000 bottles. The sale numbers suggest that the
need for this drug was approximately 60 thousand bottles per year in Turkey [234]. For a 5
mg/bottle product, the batch size was sufficient to satisfy the market share. Production of the
API and the injectable solution were carried out in the sterile rooms complying with the ISO
standards.

The starting material, e.g., imidazol-1-ylacetic acid hydrochloride (CsH7CIN20>), reacts
with phosphorylation agent (PCls) at 60-65 °C. The pH of the reaction medium was adjusted
with sodium hydroxide (NaOH). The product was precipitated by adding ethanol (C2HsOH)
to the mixture and cooling. The system boundary encloses the zoledronic acid synthesis
(Figure B.1) and the injectable zoledronic acid solution production (Figure B.2). Amounts
of the raw materials required to produce 50 g of API were regarded as one batch.

Components of each stream are considered as ideal homogenous mixtures. Pressure was
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considered as 1 atm throughout the process. The temperature is also assumed to be spatially

homogenous and equal to the boundary temperature.

Exergy analyses are performed for the synthesis of the API, zoledronic acid as well as for its
unpackaged and packaged sterile solution. Energy and exergy utilization for production of
the raw materials, excipients and packaging materials; and carrying out the unit operations

are considered in the analysis.

5.2.1. Zoledronic Acid and Injectable Solution Synthesis

Flow diagrams for the synthesis of zoledronic acid (CsH10N2O7P2) and production of the
injectable preparation are presented in Figure B.1 and Figure B.2, respectively. The synthesis
process was analyzed in five steps to carry out the calculations: (Step 1.1), reaction with
heating under stirring, (Step 1.2) filtration, (Step 1.3) pH adjustment, (Step 1.4) precipitation,
(Step 1.5) crystallization and drying as summarized in Figure B1. All the processes described
in these figures are carried out by electric power utilization. Thermodynamic properties of
the chemicals employed during synthesis of zoledronic acid are given in Table B.5. The
cumulative exergy, CexC of the electric power utilization was 4.17 kJ/kJ [235]. In the reaction
stage, the solvent i.e., methane sulphonic acid (CH3SOsH) and the reaction agents, i.e.,
phosphorous trichloride (PCls) and phosphorous acid (HzPOs) are mixed. The amounts of
the input materials are arranged to obtain 50 g of product. The reaction mixture is heated to
65 °C under mechanical stirring for 20 hours (Figure 5.8) at an optimum rate of 300 rpm
with the motor power of 0.250 kJ/s. In this period, phosphorylation agent was added

dropwise.

Phosphorylation of 1-h-imidazole acetic acid HCI, (CsH7CIN2O>), with phosphorous acid

(H3PO:s) to yield zoledronic acid may be described with the chemical reaction:

PCl3(), CH3SOsH (1)
CsH7CIN2Oz) +  2H3POs) ——————> CsH1oN207P2¢5) + H20 (g) + HCI (g)

(5.1)
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Heating of the reactants under continuous mixing is an irreversible process, where a fraction
of the work potential is wasted. Exergy utilization for stirring is calculated from the
maximum mixing power of the equipment. A 2 L glass reactor was used for the synthesis of
zoledronic acid and its phosphorilization with 4 kJ/s of heating (Figure 5.8). After the
completion of the reaction, the mixture was cooled down and the product was filtered with
Nutsche apparatus, where cooling apparatus utilized 1.61 kJ/s energy (motor power= 0.25
kJ/s).

Step 1.1

Phosph i
1-H-imidazol-1-acetic [HOPSOD :IOFOUS acid
acid HCI 33

[CsH-CIN-051 Reactor . Methane sulphonic
T acid [CH>SO3H]
Reaction mixture +

Step 1.2.a Adsorbent

Reaction mixture suspension in water
v

Reaction mixture Absorbent
A

Step 1.2.b

Reaction mixture
Reactor

Reaction mixture | Gas phase

Step 1.3

Reaction mixture NaOH

Step 1.4

Reaction mixture
Reaction mixture Ethanol
Reactor

Reaction mixture ! Zoledronic acid

Figure 5.8. Schematic description of the steps of the zoledronic acid synthesis, separation

and purification steps

It was calculated from the energy balance that; 20 kJ is used to heat up the ingredients and
the exergy destruction Xaestroyed IS calculated from Equation (3.3) as 2.8 kJ/batch (Table B.1).
Enthalpy change of the synthesis reaction at the reaction temperature was -856 kJ/mol and
Xdestroyed Was calculated as 223.7 MJ/batch (Table B.1). Exergy destroyed in Step 1.1 was
due to 20 h of continuous stirring and heating. During this long period, dissipation of heat
from the reactor and irreversibility of stirring resulted in high exergy loss. In Step 1.2

reaction mixture was cooled from 338 K to 323 K (Figure 5.8); heat given to the
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surroundings in this stage of the process was 10 kJ, whereas Xqestroyed Was calculated as 939
kJ/batch (Table B.1). The total energy requirement of the synthesis reaction was 227.5
MJ/batch including cooling (Table B.1). Product was separated from the reaction mixture
after the completion of the reaction with filtration, followed by precipitation,
recrystallization and drying. Absorbent is added to the reaction mixture in the filtration step
(Figure 3), and the mixture is heated up to 75 °C using a water bath. The solution is then
filtered hot through Nutsche 150 p size filter by the help of a suction pump (Senco, China,
Model 2XZ-1; 0.25 kW) and absorbent is separated from the mixture after adsorbing most
of the impurities from the mixture (Step 1.2). Work entering into the system via the suction
pump and stirring equipment, and mass input was in the form of absorbent and water are
calculated as 40.9 kJ; Xaestroyed in this stage for the separation as 6,369 kJ (Table B.1). The
reaction mixture was cooled down to 5 °C to after filtration, improve the reaction yield. 5.8).
Amount of the pH adjustment agent is optimized to adjust the pH to obtain a higher product
yield. Addition of sodium hydroxide (NaOH) is performed slowly under controlled
temperature. In this stage Xdestroyed IS Calculated for the cooling and the buffer addition steps
as 1,222 kJ (Table B.1). When the reaction mixture was then cooled to less than 70 °C, and
the pH was adjusted to 0.6-0.7, ethanol (C2HsOH) is added to the mixture with stirring (Step
1.4 in Figure 5.8) to precipitate the zoledronic acid. Total exergy for precipitation and
collection of the precipitate was 17 MJ. The crude zoledronic acid was then crystallized to
obtain a higher-purity product. Crystallization of zoledronic acid is performed under GMP
conditions in Step 1.5 (Table B.1), where class C, HVAC equipment was employed (0.5
kW/m? considering a 4 m? room size adapted from Clean Room Technology (2014) [236].
In this stage, the precipitate is dissolved in water again by heating and mixing around 90 °C.
Zoledronic acid starts to dissolve at 70-80 °C. Solution is then filtered again hot and allowed
to cool down to 20 °C, to precipitate the solids once more. Drying takes place in a vacuum
oven. Exergy utilization in the drying stage was 360 MJ (Table B.1). The total exergy
destruction in the synthesis process, (step 1), was 202 MJ (Table B.1), including the chemical
exergies of the inputs, e.g., starting materials, pH adjustment reagents, etc. The total
chemical plus the physical exergies of the input species was approximately 0.4 MJ (Table
B.2). Heat transfer and work were the main causes of the exergy loss. Molecular chemical
exergy for the product zoledronic acid was 3,594 kJ/mole and physical exergy is -1,921
kJ/mole at the reaction step. Product exergy itself is 1,004 kJ for 0.6 mole of zoledronic acid.
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The main inputs of the synthesis process were the starting materials and the solvent. In the
last step of the production of zoledronic acid, i.e. crystallization, exergy destruction was
approximately 553 MJ (Table B.1, Figure 5.9). The CDP was calculated to be 1.47 x 104,

Exergy Loses, kJ
600000
552488
500000
400000
300000
227461
200000
100000
1763 1223 8921
0 —_———0
Step 1.1 Step 1.2 Step 1.3 Step 1.4 Step 1.5

Figure 5.9. Exergy loss in each step of the zoledronic acid production process Step 1.

5.2.2. Production of The Injectable and Parenteral Zoledronic Acid Solution

Production of the injectable parenteral zoledronic acid solution (Step 2) is described in
Figure 5.10. Intravenous zoledronic acid solution production requires the use of conventional
incipient; an isotonising agent, a pH adjustment agent, e.g., sodium citrate (CeHsNazO7) and
injectable grade water. In the present study as isotonising agent mannitol (CeH140s) is

employed which the most preferred agent in the industry.

Sterile mixing is carried out in a class C room, whereas sterile filling took place in B class
room. For packaging of filled bottles, D class HVAC system is operated. Energy utilized by
the HVAC system depends on the class and area of the room. Sterile room classifications
are adapted from Clean Room Technology (2014) as 1.52 kW/m?, 0.50 kW/m? and 0.41
kw/m? for class B, C and D, respectively.
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Figure 5.10. Schematic description of the injectable zoledronic acid solution production

and its packaging.

Water purified in the reverse osmosis plant is used to prepare the injectable solution, where
5.4 MJ of energy is utilized. All the excipients were dissolved together by stirring until a
homogenous solution is obtained in a 1,000 L stainless steel vessel equipped with 0.75 kW
mixer (Step 2.1a). Mannitol (CeH140s) is dissolved in water under nitrogen atmosphere with
0.5 kW/m? of energy utilization in a 1.0 m x 2.5 m x 4.0 m class C room (Figure B.4). There
was no heating or cooling in this stage, but there was an entropy change that is caused by
the mixing of streams. Work contribution arises from the mechanical mixing during the
aeration of water with nitrogen for 30 minutes and followed by mixing for 15 minutes to
dissolve mannitol (CeH140s) in and the HVAC system electricity, to keep the pressure level
of the room in the limits to create class C room, which is the requested class to prepare the
bulk solution for sterile production. At this stage since mixing is an irreversible process,
work required for mixing and the work to provide class C room is calculated as Xaestroyed
(Table B.4).

In the second stage of solution preparation step, zoledronic acid and sodium citrate
(CsHsNaz07) is added to the solution (Step 2.1b in Figure B.4). Along with some more water,
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solution is mixed for40 minutes. HVAC system was operating during this mixing stage.At
the inlet of the filling line, the bulk solution was filtered through a 0.2 um pore size filter
(Figure B.4). A typically used peristaltic pump has a power utilization rate of 3.3 MJ (RISEN
RH series industrial peristaltic pump). According to the pumping capacity with considered
peristaltic pump and 0.2 um filtration capacity as 12,000 L / h and 200 L / minute,
respectively, for 1,000 L solution 5 min of operation time is considered. The filtration
operation is carried out when the class C HVAC system is on. Exergy of the energy

consumption from work is 8 MJ (Step 2.2 in Table B.4).

The filter cartridge production machine produces 2,000 pieces/day of 10-inch filters with
running power of 20 kJ/s, therefore the energy utilization during production of each cartridge
was 864 kJ. The cartridge was made of nylon. Energy utilization for production of nylon is
0.156 MJ/m and for 10 inch nylon filter the energy requirement for the production the
material is calculated as 39 kJ. Therefore, the total exergy utilization for the production of
the filter was found to be 3.7 MJ (Table B.3).

Aseptic filling operation is done under B class room conditions (Step 2.3). Primary
packaging materials (i.e. bottles and stoppers) are sterilized prior to use. The filling operation
took place in a closed machine in a laminar flow cabinet operating as Class A room. Primary
packaging material is supplied to the machine, where the bottles are filled with the prepared
bulk solution and are capped in aseptic conditions. (Figure B.4). Bottles, stoppers and caps
are the used materials during filling as primary packaging materials. Each of which are
produced at an energy cost. In the next section, these are calculated.

The glass bottles that are used in pharmaceutical products have at least their internal surfaces
coated with a transparent, heat sterilized plastic material [237]. Exergy of the coated glass is
calculated as a two-stage operation where the first stage consists of the production of the
glass and the second coating with silicone. In the filling stage, silicon coated glass bottles
are used. Coating is necessary to prevent any leaching from glass to the product. Mainly
glass containers are coated with a material that is first heated to a molten state followed by
cooling without crystallization. Metallic oxides which may be used for this purpose include
Si0O., B203, P20s and GeO2. Among these oxides, SiOz is the one which is used most
commonly for medical glass making processes including containers for sterile dosage forms
[238]. Production exergy for glass bottle making is taken from the literature as 8.4 MJ / t
glass (adapted from UNIDO, 1993) [239]. A 100 ml-bottle weighs 120 g, therefore energy
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consumption per bottle is 1.008 kJ. For a batch of 10,000 bottles the exergy consumed is
10.080 MJ. Coating is achieved by dissolving a silicone in an organic solvent where this
solution is introduced to the bottle to be coated and remains as a film on the inner walls of
the container. Evaporation of the organic solvent at high temperatures also provide the
baking of silicone coating which stabilizes and fixes the coating on the surface. However,
the temperature should be higher than the vaporization temperature of silicon. It is believed
that the silicone layer is molecularly fused to the walls of the container, particularly when
the container is glass [240]. The most energy consuming stage of the process is heating the
residual film of silicone to bake. Glass is heated for about 1.5 hours in an oven at 300 °C.
Promake (China) model QHJ tray drier with capacity of holding 48 trays is used with this
purpose. Each tray is capable of drying 256 bottles (considering 5 cm bottle diameter and 1
m? trays area) and one batch (10,000 bottles) can be dried using 40 trays, so 48-tray capacity
iIs matching the requirement of one batch. Power consumption of the typical tray dryer
machine comes from heating power (24 kJ/s) and fan power (0.45 kJ/s) which for 1.5 h
operation time gives 132 MJ electrical consumption. Methyl silicone (R-OSi), and
chloroform (CHCIs) are the used material for such a coating. Silicone production energy
consumption is considered as 5 kWh/ kg Si [241]. One bottle coating is assumed to consume
1 g Si. According to this assumption 180 MJ energy is used for silicon coating of one batch
of bottles. Organic solvent chloroform is assumed to be recovered so not considered in the
calculations. Sterilization of bottles is performed within the filling machine. Bottles are
washed with WFI water at 85 °C, followed by drying using sterilized air. The washing
machine has the capacity of 10,000 bottles/h, and one-hour operation is considered. The
sterilization tunnel operates as high temperature sterilization at 300 °C. Total electrical
energy consumed by the washing machine is 3.2 kW (4 KVVA considering conversion factor
0.8) whereas 1-hour operation of sterilization tunnel for 10,000 bottles is 11.52 MJ, that
sums up to CexC to be 48 MJ. During the washing process, water is recycled for 1 hour in a
recycling unit, having 6 KW power capacity. Additional 1-hour air sterilization in the
sterilization tunnel feeding 750 m? air consumes 30 kW which sums up to 36 kW energy
consumption in addition to the electrical energy consumption of 129.6 MJ. A total of 589
MJ exergy consumption is calculated for sterilization (Table B.4).

A stopper typically consists of a rubber part and a coating barrier. Similar to the bottles the

coating serves as a barrier for leaching materials into the medicament. Barrier films based
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on expanded PTFE (C2F4)n can provide for thin and strong barrier layers to leachable and
extractable materials from the stopper. The densified PTFE (CzF4)n film is thermoformed to
make a preform. Thermoforming is done at process temperatures sufficiently above the
melting to ensure melt forming while preserving the barrier properties. The thermoformed,
densified PTFE (C2Fs)n preform can be combined with the elastomer body by injection

molding, compression molding, priming and post laminating [242].

The production of the rubber part of the stopper consists of molding of rubber. Teflon (C2Fa4)n
coated stoppers used are produced in the same manner. The amount of Teflon (C2F4), coating
is very low compared to the rubber part, so the exergy of Teflon (C2F4) production itself is
neglected. Considering the main process steps such as thermoforming at elevated
temperatures and compression molding, electrical consumption of the machines are taken
into consideration neglecting other terms such as materials used in the production. In
thermoforming process, close to 400 °C operation temperature and a thermoforming machine
that uses 100 kJ/s is considered. Such machine has the capacity of 40 pieces / min, giving
250-minute operation time for 10,000 bottles. Total energy consumed is calculated as 1,500
MJ and CexC as 6,255 MJ). (Table B.6).

Typically, energy consumption for rubber molding range from 1080 kJ/kg to 7200 kJ/kg and
3,600 kJ/kg is taken as average. The rubber part of one stopper neglecting the coating weighs
1 g, and for one batch 10,000 stoppers are used needing 10 kg rubber, resulting in a total of
36 MJ electrical consumption for its production. Total exergy consumed is for the stoppers
used in the process is 1,536 MJ and CexC is 6,405 MJ (Table B.4 and Table B.6).

Aluminum caps are used over the rubber stoppers for the closure of the bottles. Exergy
consumption is calculated considering the production of caps (Figure B.4). Exergy
utilization for the production of aluminum is adapted from [243, 244] as 30 MJ/kg. One cap
weighs 2 g and 10,000 caps for one batch requires 20 kg of aluminum, resulting in 600 MJ
exergy consumption for its production (Table B.6). Onto the aluminum caps a plastic cover
is injection molded. The caps are first made and inserted into a machine where plastic is
injected on top [245]. Throughout this process, injection molding is the highest energy
consuming step, therefore other contributions are neglected, and 33 kJ/s (heating + motor
power) for injection molding is taken from literature reference as typical electrical
consumption for an injection molding machine. A single cap weight consists about 1 g plastic
and for one batch 10,000 caps are used, giving a total of 10 kg with injection rate 200 g/s.
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Injection is completed in 50 s which consumes 1.6 MJ in total resulting in CexC of 6.67 MJ.
(Table B.6)

Compression molding machine is used for shaping of the elastomer part. Here materials are
pressed around 4-ton pressure at around 100 — 150 °C, and the process takes about 1.15 h. A
compression molding machine using around 45,000 J/s energy is considered, giving 776.87

MJ exergy consumption (Table B.6).

Aseptic filling operation is done under B class room conditions. Primary packaging materials
(i.e. bottles and stoppers) are sterilized prior to use. The filling operation took place in a
closed machine in a Laminar flow cabinet which operates as Class A room, according to EU
cGMP classifications (Groninger vial filling and closing line, DFVK 6000, Germany).
Primary packaging material is supplied to the machine, where the bottles are filled with the
prepared bulk solution and are capped in aseptic conditions (Figure B4). After the
sterilization of primary packaging material, 100 mL of the prepared bulk solution is filled to

the bottles. Sterilized stoppers are inserted onto the bottles.

Nitrogen gas (0.9 mole Ny) is supplied throughout the process where 10 L nitrogen capacity
is used. (EXchem = 0.72 kJ/ mole), Excrem is 0.64 kJ which is negligible considering the
electrical power consumed. The filling machine has a capacity of 2,500 bottles/h therefore 4
h of operation is required. The filling operation takes place in an A class LAF cabinet (730
J/s) that is operated for 4 h where this cabinet is placed in a B class room. During aseptic
filling operation, machine work for filling and stoppering have an energy consumption of
144 MJ (CexC, 601 MJ), where the overall energy consumption adds up to 733 MJ including
sterilization (CexC, 3,058 MJ) (Table B.4). Capping machine operates at 1,760 J/s (2.2 KVA
for considering 0.8 conversion factor) for 1 hour during which 6.3 MJ is consumed as

electrical energy (Step 2.3 in Table B.4).

Once bottles are filled with the medicament, a secondary packaging step is required (Step
2.4). Packaging materials used in final packaging includes all the labels, boxes, leaflets, and
cartoons for labelling and cartooning. Second phase weight controls are also performed and
added to exergy analyses. All the materials and transport of these materials are contributions

to exergy.

Labels used on the bottles are polypropylene. CexC of polypropylene is 85.2 MJ/kg [246].
One piece of label used for one bottle is 0.45 g. For one batch 4.5 kg polypropylene is used,
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giving CexC of 383 MJ (91.84 MJ energy). Labelling machine, has a capacity of 150 bottles
/ min and consumes 1.5 kJ/s. (Shanghai Peiyu Machinery Ltd., China, model SPC — 150 B).
Considering one batch, 1 h of operation time is required, which adds up to 5.4 MJ (CexC,
22.5 MJ) energy consumption. (Table B.6)

In every box with 12 bottles one information leaflet is placed. For 10,000 bottles, 834 boxes
(i.e. 834 leaflets) are needed. The dimensions of one leaflet is 160 x 245 mm (area 0.04 m?)
and a paper quality 60 g/m? is used, making one leaflet 2.4 g. Therefore, for a batch, 2 kg
paper is consumed. Energy for paper production is 16.59 MJ/kg [235] hence 33.18 MJ (CexC,
138 MJ) is consumed in one batch. (Table B.6)

Leaflets are printed with a leaflet printing machine having capacity of average 5000 sheets/h,
consuming 2.55 kJ/s electrical power. 834 leaflets are printed in 0.167 h (600 s), making the
energy consumption of printing leaflets for one batch, i.e. 834 leaflets, is 1.54 MJ (CexC,
6.42 MJ). (Table B.6)

The cardboard boxes where the bottles are placed have dimensions of 44x34x27 cm (area
0.72 m?); 10,000 bottles require 834 boxes (834 x 0.72 = 600.5 m?) where the energy needed
for cardboard production is 1 MJ/ m? on average [247] making the total energy consumed
600.5 MJ. Once the cardboard is produced, the material should be turned into a box with
some information printed on the box. Box making and printing machine is considered to
produce 250 boxes/min consuming 135 kJ/s energy (Shanghai Liu (China)). To produce 834
boxes with 250 boxes / min, 3.4 minutes (204 s) is sufficient which brings the consumption
to 27.5 MJ (CexC, 114.68 MJ) for one batch (Table B.6).

The exergies of the excipients, e.g., mannitol (CeH140s), zoledronic acid, sodium citrate
(CsHsNaszO7) and water and electrical energy used during manufacturing were those of the
raw materials under sterile conditions before filling, i.e. 23.005 MJ. Exergy of the product
was sum of the chemical exergies of all excipients composing the sterile solution, i.e. 22.968

kJ. The exergy efficiency of the solution before filling is 17 per cent.

Exergy efficiency for finished product form is calculated to consider packaging of the
product. Details of the calculations presented in Table B.8. Packaging could differ for
different applications, in this study 100 ml glass bottle, Teflon coated stoppers and aluminum
caps are evaluated. Chemical and physical exergies of the excipients in the sterile solution,
production exergy of the sterile water and the exergies of the packaging materials were added
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up to calculate the exergy of the product (14,224 MJ). Total exergy obtained of the finished

product, ready for shipment, was 18,805 MJ and its exergy efficiency was 75 per cent.

5.2.3. Analytical Testing

Analytical testing was done at two stages of the production, first after the synthesis of
zoledronic acid, for the identification and purity of the compound. Other analytical tests are
performed for quality control purposes where the finished product form is tested to comply
with the regulations. Both testing mainly comprises of assay and impurity testing with HPLC
(Shimadzu, model LC-2030 C, Japan). The standards for the HPLC analyses were purchased
from U.S. Pharmacopeial Convention, (US). HPLC grade methanol and other materials i.e.,
tetra butyl ammonium hydrogen sulphate, potassium dihydrogen phosphate, triethylamine
were obtained from Merck Millipore (Germany). Chemical analyses which are carried out
to assure the product quality are presented in Table B.7. Thermodynamic properties of the
chemicals, which are used in analytical testing are presented in Table B.7a. Analysis carried
out in short time with consumption of trivial amounts of chemicals, such as determination
of the melting point or water content with Karl Fisher method not included in the calculations
and the overall exergy cost of the analysis carried out for quality control are presented in

Table B.7b. Total exergy cost for analytical testing is calculated to be 22.2 MJ.

Stability studies are performed in different stability conditions to show there is no sign of
degradation of the product until the expiry date. Stability studies are performed both under
accelerated conditions where the temperature is 40 °C with 75 per cent relative humidity for
6 months and under long term conditions where the temperature is 25 °C with 65 per cent
relative humidity for two years, testing for changes in the chemical structure with the
aforementioned analytical methods. Testing frequency is every 3 months for the first year
and every six months for the following year, as described in ICH Q1A. Release tests are
performed two and six times during the storage in accelerated and long-term conditions,
respectively. During stability studies, energy utilization for analytical testing was 177.16 MJ
and that of release testing as 22.15 MJ, adding up to 199 MJ (or the total exergy of 827 MJ)
(Table B.6).

Quality control is an important task accompanying the production of the pharmaceuticals.

The finished product is analyzed by using an HPLC to assess the presence of the impurities.
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According to the procedure, 20 injections (6 sample injection, 12 standard injections for
assay and impurity, and placebo, diluted injections) are required per sample and each
injection takes 40 minutes. Approximate exergy consumption of analyses for 800 minutes
of HPLC operation was found as 22 MJ (Table B.7).

5.2.4. Transportation of The Materials

Transportation of the raw materials for the production of the active ingredient is neglected,
because of the small, e.g., 50 g, batch size of the Zoledronic acid production process. The
main excipient used in injectable finished product formulation is water and the volumes of
the other excipients are negligible. The bottles are received in 100-bottle packages
(dimensions: 25 cm x 25 cm x 42 cm with four layers of 25 bottles). The total volume of
10,000 bottles, e.g., 26.25 m® occupy 65 per cent of the 40 m3truck load. The product, which
is placed in 834 boxes occupy 34 m® of volume corresponding to 90 per cent of a truck load.
Assuming an average travel velocity of 90 km/h, utilizing 0.287 L/km of diesel (density
0.832 kg/L, energy equivalency of 57.5 MJ/kg of diesel) [248]. The energy consumption for
distribution to one-hour distance of a full truck is 1,373 MJ. With the location the production
unit, most distribution is considered to take place within one hour. Therefore, the transport
of raw materials costs 892 MJ (1,373 MJ/truck x 0.65 truck) energy whereas the distribution
energy cost is 1,236 MJ (1,373 MJ/truck x 0.9 truck), making the total transport energy
consumption 2,128 MJ (Table B.6).

5.2.5. Renewability of The Process

Renewability indicator was defined as:

_ Wy =)

.
W

(5.2)

where, W, is the useful work obtained by the product, W; is the restoration work. If the
maximum work potential of the product is extracted via reversible process, then Wy equals
to Xp [249, 250, 224].



Table 5.12. Summary of the results

94

Step and sub-steps of the Xdestroyed Renewability
CDP (%) _
process (MJ) index
Zoledronic acid synthesis
Step 1.1 Reaction 227.46
Step 1.2 Filtration 6.37
Step 1.3 pH adjustment 6.35
2.29 x 10 -319.24
Step 1.4 Precipitation 16.67
Step 1.5 Crystallization and 552.49
drying

Unpackaged injectable zoledronic acid solution production

Step 2.1 (dissolving of

o 102.30
excipients) 17 -123.83
Step 2.2 (filtering) 11.76
Packaged injectable zoledronic acid solution production
Injectable zoledronic acid
solution total 114.06
(total of steps 2.1 and step 2.2)
Step 2.3a (sterilization and 75 0.68
o 10,806.43
filling)
Step 2.3b (capping) 4,224.69
Step 2.4 (secondary packaging) 3,659.84

The restoration work, is the cost of producing an energy source, without causing an
environmental damage or pollution. Restoration work is defined as the sum of net cumulative

exergy consumptions (CNEX) of the production and the waste treatment.
VVT‘ = CNExproduction + CNExwaste treatment (53)

Renewability indicator calculated for Step 1, e.g., for synthesis of the zoledronic acid, and

for the injectable drug production before packaging, at Step 2.2 and after the whole
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production process, including packaging at Step 2.4 and found as -319, -123 and 0.68,
respectively (Table 5.12). The negative RI values indicate non-renewability of the process.
A renewable energy source does not destroy exergy [224]. The total work to produce the
energy source and to restore the environment should be smaller than the work produced by
the energy source. An exergy source, is not renewable, considering the work consumed to
restore environment is much larger that the produced work [251]. In a small-scale drug
synthesis, the impact on the environment needs much more work than the work done to
produce the product itself. For the injectable, large scale drug production, since all the
package materials are renewable, like glasses, card board, and no waste is produced,

therefore the renewability factor was positive.
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6. CONCLUSION AND FUTURE WORK

The aim of this work was to increase the production yield of zoledronic acid monohydrate,
an active pharmaceutical used for bone diseases. For this purpose, a conventional synthesis
method is employed multiple times under different reaction conditions. The parameters
which are varied to increase the product yield are temperature, reaction medium, i.e. the
solvent, and stoichiometry of the reactants. For a chemical process, apart from the yield, the
energy efficiency is of crucial important. Therefore, in the second half of the study exergy
analysis of the synthesis was carried for the production of injectable product, e.g. the finished

dosage form of the zoledronic acid.

The production yield was determined with different analytical methods. HPLC is used to
check the purity, IR, DSC and the decomposition temperature were used for identification;
NMR methods and mass spectrum were used for structural testing. Karl Fisher method and
TGA were used to determine the water content of the molecule. Structural and analytical
testing for the reproducibility of the established process proved that the synthesized material
was pure zoledronic acid monohydrate and was the same as the standard of the USP and the

literature references.

Batch production was carried out with the expired patents, and the product was precipitated
in water, the recovery ratio was approximately 32 per cent. In the case of crystallization with
water followed by ethanol precipitation 38 per cent recovery ratio was obtained. After using
20 per cent excess H3POz the recovery ratio became 43 per cent. With the use of 50 per cent
excess H3POsz recovery ratio became 50 per cent. Exergy efficiency of the entire process was
the highest in this case. When, 75 per cent of the ethanol, employed in the crystallization
step was recovered with distillation, the efficiency decreased due to the exergy expenditure
for distillation. With the use of 50 per cent excess H3POs, the highest recovery ratio, 50 per
cent, and the highest exergy efficiency, 3.52x107? per cent, were obtained (Table 6.1). The
highest energy utilizing steps were the crystallization carried out under class C conditions
and the HVAC work. Exergy efficiency was very low in all of the aforementioned cases.
Although recovery of 50 per cent of the waste heat was found to improve the exergy
efficiency by about 1.8 folds, recovering 75 per cent of the ethanol employed for
crystallization did not cause any enhancement in exergy efficiency, but helped to improve

the product to waste ratio.
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Table 6.1. Variation of the yield and the exergetic efficiency under different reaction

conditions
Exergy
efficiency
. o Recovery Exergy after Product to
Reaction conditions ) . . .
ratio efficiency recovering waste ratio
50 % of the
waste heat
Case 1: crystallization with water 32 % 1.47 x 10 2.26 x 10 0.035
Case 2: crystallization with water
38 % 1.74 x 10* 2.68 x 10 0.027

followed by ethanol precipitation
Case 3: % 20 excess HsPOs

crystallization with water followed by 43 % 1.97 x 104 3.02x10* 0.031
ethanol precipitation

Case 4: % 50 excess HsPOs

crystallization with water followed by 50 % 2.29 x 10 3.52 x10* 0.036
ethanol precipitation

Case 5: % 50 excess HsPOs

crystallization with water followed by

o 50 % 2.28 x 10 3.49 x 10* 0.048
ethanol precipitation; 75 % of ethanol

recovered with distillation

Exergy analysis was carried out for each step of manufacturing of the sterile finished
product, including the mixing of the excipients, filtering to ensure the sterility, filling and
packaging, quality control and transportation of the product. Manufacturing was carried out
in the sterile rooms to ensure GMP quality standards. For each class of room, energy
consumption is evaluated. Since filling is performed in Class A room to ensure sterile
production, more electric power was employed in comparison with the other production
steps due to the ventilation of the system to create a clean environment. Primary packaging
materials contribute to the energy consumption during filling. Besides production of high
quality packaging materials for sterile production, satisfying all the requirements of the
solution stability, sterilization of the primary packaging materials was also consuming
energy, therefore filling was found to be the most energy consuming step. However, since
the package material is considered as a part of the finished product, the sum of wasted energy

by the HVAC systems, sterilization, irreversible mixing, and materials used during the
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manufacturing resulted in a relatively high CDP, 75 per cent. Renewability index of the
chemical synthesis step was -319. The renewability index, RI, values were -123 for the
unpackaged injectable solution production. Upon packaging R1 became 0.68 since all of the
packaging materials used were renewable. The CDP of the zoledronic acid synthesis and the
unpackaged and the packaged injectable solution steps were 2.29x1072, 17, and 75 per cent,
respectively. Running the system at the maximum conversion and exergy efficiency caused

maximum product to waste ratio and minimum waste generation.

The finished dosage forms for zoledronic acid were mainly injectable forms. Considering
the active pharmaceutical product amounts are very low in this product, the starting materials
used in the process were also very low and it is not economically worthy to change the
experimental set-up. According to the exergy analysis the most energy consuming step for
the overall process was drying after the chemical synthesis. Additional work could be
applied to optimize the drying time and vacuum pressure. Additionally, there are different
synthesis methods in the recent patents with different reaction conditions which could be

studied for higher yields in the future.
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APPENDIX A: RESULTS OF THE INSTRUMENTAL ANALYSIS
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Figure A.1. IR result of 4™ experiment
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Figure A.10. *H-NMR spectrum of 6™ experiment with magnitudes
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Figure A.14. COSY spectrum of 6™ experiment
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Figure A.15. COSY spectrum details of 6™ experiment
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Gauss apodization 0.068 sec
F1 DATA PROCESSING

Gauss apodization 0.008 sec
FT size 2048 x 2048

Total time 2 hr, 51 min
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Figure A.16. HSQC spectrum of 6™ experiment
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Figure A.17. HSQC spectrum details of 6™ experiment
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ZolendronicAcid--Atabay

Data Collected on:
mercury400-mercury400

Archive directory:
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Sample directory:
ZolendronicAcid--Atabay 20130814 01

FidFile: gHMEC 01

Pulee Sequence: gEMEC
Solvent: dZo
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Relax. delay 1.000 sec
Acg. time 0.150 sec

Width  6410.3 Hz

2D Width 24147.3 Ez

& repetitions

2 x 256 increments

OBSERVE  H1, 400.1751037 Mz
DATA PROCESSING

Sq. sine bell 0.075 sec
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Gauss apodization 0.010 sec
FT size 2048 x 2048

Total time 1 hr, 30 min
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Figure A.18. HMBC spectrum details of 6" experiment
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Relax. delay 1.000 sec
Aeq. time 0.150 sec
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2D Width 24147.3 Hz

8 repetitions
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OBSERVE  H1, 400.1751037 MHz
DATA PROCESSING

Sg. sine bell 0.075 sec

F1 DATA PROCESSING

Gauss apodization 0.010 sec
FT size 2048 x 2048

Total time 1 hr, 30 min
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Figure A.19. HMBC spectrum details of 6™ experiment
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Figure A.20. Mass spectrum details of 6™ experiment
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Figure A.21. HPLC results (run 1) of 7" experiment CR1
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Figure A.22. HPLC results (run 2) of 7" experiment CR1
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Figure A.23. HPLC results (run 1) of 7" experiment CR2-1
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Figure A.24. HPLC results (run 2) of 7™ experiment CR2-1
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Figure A.25. HPLC results (run 1) of 7" experiment CR2-2
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Figure A.26. HPLC results (run 2) of 7™ experiment CR2-2
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Figure A.27. HPLC results (runl) of 7" experiment CR3-1
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Figure A.28. HPLC results (runl) of 7" experiment CR3-1
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Figure A.29. HPLC results (runl) of 7" experiment CR3-2
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Figure A.30. HPLC results (run2) of 7" experiment CR3-2
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Figure A.31. HPLC results (run 1) of 7™ experiment CR4
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Figure A.32. HPLC results (run 2) of 7" experiment CR4
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Figure A.33. IR result of 8™ experiment
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PDA
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1| zoledronik asit | 10,916 | 8394714 | 365387 | 93,87 2,121}
Figure A.34. HPLC result (run 1) of 8" experiment
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Figure A.35. HPLC result (run 2) of 8" experiment
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Figure A.36. KF data of 8" experiment
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Figure A.38. HPLC result (run 1) of 10" experiment
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Figure A.39. HPLC result (run 2) of 10" experiment
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Figure A.42. HPLC result (run 1) of 11" experiment
Chromatogram
zoledronik asit hammadde deneme-13 C:\...\zoledronik asit hammadde deneme gebze\zoledronik asit-17.lcd
uv
1 g
s
300000 %
] 3
2
] E
| \
é ] ‘:
| |
| 200000+ ‘
' I
. \
100000~ \
] \
0 S — N . ———t— 1 Detector A
J 2PDA Multi 1
—— T
0 5 10 15 20 25 30 35 40
! min
|1 Detector A/215nm
; 2 PDAMulti 1/215nm,4nm
| ID# | Name | Ret.Time | Area | Height | Conc. [Tailing Factor,
| 1]zoledronik asit | 10870 | 8 | 361515 | 9348 | 2,166
|
1

Figure A.43. HPLC result (run 2) of 11" experiment
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Figure A.44. KF data of 11" experiment
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Figure A.45. IR result of 12" experiment
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Figure A.46 HPLC result (run 1) of 12" experiment
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Figure A.47. HPLC result (run 2) of 12" experiment
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Figure A.48. KF data of 12" experiment
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Figure A.49. IR result of 9™ experiment
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Figure A.50. HPLC result (run 1) of 9" experiment
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Figure A.51. HPLC result (run 2) of 9" experiment
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Figure A.54. HPLC result (run 1) of 13" experiment
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Figure A.55. HPLC result (run 2) of 13" experiment
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Figure A.64. C-NMR spectrum of 14" experiment
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Figure A.72. HPLC result (run 1) of 15" experiment
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Figure A.73. HPLC result (run 2) of 15" experiment
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Figure A.100. Mass spectrum details of 16" experiment



APPENDIX B:
CALCULATIONS OF EXERGY
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SUMMARY TABLES AND FIGURES FOR

Table B.1. Exergy destruction in each sub-step of the zoledronic acid production process

Step and sub-steps of the process Xd(elitB(;yed
Step 1.1 Reaction
dissolving of the reactants 2,853
reaction after addition of PCls 223,668
cooling of the reaction products 939
Total 227,461
Step 1.2 Filtration
Heating and addition absorbent and water 3,871
Filtration of absorbent 2,497
Total 6,369
Step 1.3 pH adjustment a temperature lower than 0 °C
Cooling 2,633
NaOH addition 3,718
Total 6,351
Heating to room
temperature 941
Addition of ethanol 1,197
Stirring 11,246
Total 13,383
Step 1.4 Precipitation Cooling to a temperature 203
lower than 0 °C 2,536
Stirring 2,740
Total
Filtration and collecting of 549
the product
Step 1.5 Product recovery
Crystallization at a temperature lower than 0 °C 0,321
Stirring the raw material and heating up 90,924
Cooling 31,452
Stirring 31,369
Filtration 8,137
Drying 360,285
Total 552,488
Total 809,340
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Table B.2. Chemical and physical exergies calculated under the prevailing conditions of

each stream when no excess chemicals are used

Materials Physical exergy Total input
consumed during ex?, (kJ/mole) input exergy of the
the production (kJd/mole) species (kJ)
Methane sulphonic 968.2 346.6 2,486.4
acid ()
Imidazole-1yl-
Acstic Acid HCI (s) 2,741.2 89.8 1,698.6
Phosphorous acid (5) 364.1 -916.7 -663.2
PCls (1) 775.2 -473.6 603.2
Water (1) 0.77 -310.84 -6,666.6
NaOH (1) 77.4 -490.1 -1,650.6
Ethanol (1) 1,356.0 -325.6 8,861.7
Total 366.7
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Table B.3. Exergy of the materials used in filling

Material CExC (MJ) Reference

(Ecotextiles, 2009)
Filter Cartridge Making

Cartridge 3.7 ) )
_ Nylon Machine, Wuxi ANGE, 30
Filter
KW power,
Jiangsu, China
(Output of a Seminar on

100 ml glass, Energy Conservation in Glass
Bottles - 1,343

silicon coated Industry, 1993)

(Marstein, 2016)

Thermoforming machine Auto
Machine, Guangdong, China,

100 kW power
32 mm Teflon

Stoppers 6,405 (Energy efficiency in rubber
coated ) )
processing - Practical
worksheets for industry,

Accessed on 03.2017)

Composite material
compression molding

machine, Dongguan Qiaolian

Caps 32 mm aluminum 3,286 )
Machinery Co., Itd,
Guangdong, China, 45 kW
power
Cartoon
Cardboard 2,619 (Chow, 2005)
Boxes
Leaflet Paper 144 (Szargut, 1988)

Labels Polypropylene 406 (Langenhove , 2004)
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Table B.4. Exergy utilization during production of the finished dosage

Material
W (MJ) I
Ae (kJ) contribution
CexC of HVAC Kdest (MJ)
(CexC) (MJ)
system
Step 2.1a (dissolving of
] 65 41.65 - 65
mannitol)
Step 2.2b (dissolving of
o 38 1.19 - 38
all other excipients)
o 4 (0.2 pm nylon
Step 2.2 (filtering) 8 0.00 ] 12
filter)
3,058
(HVAC 1,826 MJ,
. . 44 MJ from LAF,
Step 2.3a (sterilization . 1,343 (bottles)
. 601 MJ filling + 0.00 10,806
and filling) ] 6,405 (stoppers)
stoppering
and 589 MJ from
sterilization tunnel)
939
Step 2.3b (capping) (HVAC + 26 MJ 0.00 3,286 (caps) 4,225
from capping)
cartoon boxes
Step 2.4 (secondary 2,619
] 492 0.00 3,660
packaging) leaflet 144
labels 406
Total - - - 18,805
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Table B.5. Thermodynamic properties of the chemicals employed during synthesis of the

zoledronic acid

Material Enthalpy Gibbs Exergy of Heat Standard
of Energy species Capacity molar
formatio (AG, (AE, KJ/mol) (Cp, Entropy
n kJ/mol) kJ/mol | (AS° kd/mol
(AHy, K) K)
kJ/mol)

Methane sulphonic -566.200 -527.30 968.16 0.190 -0.737

acid(l)

Imidazole 1yl Ac. -536.300 -203.10 2741.20 0.217 -2.101

Ac. HCI(s)

Phosphorous acid -965.525 -857.46 364.07 0.103 -0.164

(s)

Zoledronic Acid -2032.960 -1375.30 3593.91 0.351 -0.571

Phosphorous -319.700 -272.30 775.15 0.120 0.516

trichloride (1)

Phosphorous -287.000 -267.80 779.65 0.072 0.422

trichloride (g)

Hydrochloric acid -92.300 -95.33 84.73 0.036 0.187

(9)

Water () -241.820 -228.57 9.34 0.036 0.189

Water (1) -285.830 -237.13 0.77 0.075 0.070

Absorbent (s) 0.000 0.00 410.25 0.012 0.006

Sodium hydroxide -425.610 -379.49 77.43 0.060 0.065

0

Ethanol (1) -277.690 -174.78 1356.01 0.112 0.161
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Table B.6. Exergy allocation for the production of the packaging materials and leaflets,

transportation and quality assurance

Filling Operation

Materials used Operation Energy (MJ) CexC (MJ)
Glass production 10.08 42.03
Coating operation 132.00 550.44
Bottles
Silicone production 180.00 750.60
Total 322.08 1,343.07
Teflon coating 1,500.00 6,255.00
Stoppers Rubber moulding 36.00 150.12
Total 1,536.00 6,405.12
Aluminium production 600.00 2,502.00
. Injection moulding 1.60 6.67
Aluminium caps _ _
Compression moulding 186.30 776.87
Total 787.90 3,285.54

Secondary Packaging

Label production 91.85 383.00

Labels Labelling operation 5.40 22.50
Total 97.24 405.50

Leaflet production 33.18 138.00

Leaflets printing machine 1.54 6.42

Total 34.63 144.42
Cardboard production 600.50 2,504.09

Cardboard boxes Boxing and printing 27.50 114.68
Total 628.00 2,618.76

Analytical Testing

Analytical methods applied for
release and during shelf life

] (CexC for HPLC (22 MJ) and

Testing by HPLC ) ) 199.31 826.97
chemical exergy for used chemicals

(0,245 MJ) including release tests and

eight sampling points for stability)

Transportation of the materials

Transport of raw material and
package materials. and for 510.42 2,128.45
distribution of the product

Transportation

by truck




the chemicals employed in the assay

Chemicals used in the AG
AE (kJ) Reference
assay (kJ/mole)
(Woods and Garrels,
Water -237.30 0.0747
1987)
Tetra-n-butyl
ammonium hydrogen )
-479.36 110.5056 (Jankowski et al., 2008)
sulfate
Sodium hydroxide
-379.78 30.7880 (Weast, 1986)
Disodium hydrogen (Woods and Garrels,
] -2092.90 1.5365
phosphate dihydrate 1987)
EDTA disodium -1643.32 0.0047 -
(Woods and Garrels,
Methanol -166.40 1.7748
1987)
USP Zoledronic acid
-700.30 0.0024 -
monohydrate
2-(1-H- imidazole-1-yl)
o -145.50 0.0002 -
acetic acid, CsHsN2O-
Imidazole 446.2 0.0004 -
Total 144.7

Power requirement 110 W, operation time 400 min, electric
power utilization 11 MJ, CexC 45.9 MJ

22.2 MIlt

medication
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Table B.7. Thermodynamic properties of the chemicals used in analytical testing Exergy of

Exergy requirement of making the analysis with HPLC (AB Sciex Pte. Ltd, HPLC System)



Table B.8. Exergy calculation for the production of finished product form

Systems used during each step of production, added as energy consumption as work
Linear nlet Thermal | Total
” ; HVAC system work, | air flow - Water okt Heat | Outlet Temp Mechanical | Exergy, | Exergy,
ixer | Pum illin ackagin ; !
Step Work. | w M (I1s) cabinet, i 9 purification i 919 | Supplied, | Temp To Exergy (kJ) (kJ)
ork, ork, ine, ine, ' R R
S S S S
Class | Class | Class (Js) (ToM) | To/T)
Class A
B C D
21a| 750 - - 3,000 - - - 5,400 - 0.00 298 298 15,525 0.00 15,525
2.1b| 750 - - 3,000 - - - - - 0.00 298 298 9,000 0.00 9,000
2.2 - 3,300 - 3,000 - - - - - 0.00 298 298 1,890 0.00 1,890
2.3a - - 30,400 - - 730 10,000 - 39,200 0.00 298 298 1156,752 0.00 1156,752
2.3b - - 60,800 - - - - - 1,760 0.00 298 298 225,216 0.00 225,216
24 - - - - 16,400 - - - - 0.00 298 298 118,080 0.00 118,080
Mixer is operated; Step 2.2: Filling of the solution to the bottles and stoppering
Step 2.1a : Mixing of the firstly added excipients - Water purification system is considered in step 1, for 1000 kg of water
Step 2.1b : Mixing of the secondly added excipients - Packaging line operation includes
- Pump is operated to transfer the solution through 0.2 um filter in filtration step 2 Step 2.3a: Bottle washing and drying unit
- HVAC system operated during whole production. Consumptions are calculated considering room area Step 2.3b: Capping operation

and HVAC energy consumption during the operation time
- LAF cabinet was operated during the filling as part of the machine

- Filling line operation includes;
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Figure B.1. Material flow in zoledronic acid synthesis.
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Mannitol

Zoledronic Water for Sodium

acid injection citrate
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System
boundaries
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Figure B.2. Material flow in injectable zoledronic acid solution production.
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Figure B.3. Exergy allocation for each process in finished product production (Step 2)
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Figure B.4. Variation of the recovery ratio (RR), exergy efficiency (EE), exergy efficiency

after recovery of the 50 % of the heat used in processing (EE50) and product to waste ratio

(PWR) in Cases 1 through 5.
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a)

Electric Power 639

Electric Power 1541 M

exergy destroyed 170 MJ

STIRRER, HVAC

639 MJ

1370 MJ

exen 19.7 MJ

SYNTHESIS
exergy destroyed 639 MJ

WSS,

exch waste products 19.1 MJ

Q1370 MJ

ex,, ZA recovered 0.6 MJ

ex of ZA not recovered at
crystallization 0.1 VLI

Chemical exergy of the reactants Chemical exergy of the waste products
Methane sulphonic acid (1) 3.872.64 kJ Methane sulphonic acid (1) 3.872.64 kI
Imidazole 1yl Ac. Ac. HCI () 1.644.72 k) Imidazole 1yl Ac. Ac. HCI (s) 111841 kI
Phosphorous acid (s) 436.884 k) S o (e L
PCIs 1) 1.550.30 kJ Phosphorous acid (s) 297.08 k]
Water (1) 831.64 kI PCl (1) 1,550.30 kJ
Carbon (s) 164.10 kI Water (1) 81.63kJ
NaOH 309.72 ki Water (g) 202k
Ethanal 11.661.69 kJ HCl (g) 1627k

Carbon (s) 164,10 k)
NaOH 30972kl
Ethanol 11,661.69 kJ
b)
Electric Power 639 STIRRER, HVAC 639 MJ ex, ZA recovered 0.8 MJ

Electric Power 1541 M.J|

1370 MJ

exch 31.7 MJ

exergy destroyed 170 MJ

Chemical exergy of the reactants
Methane sulphonic acid [} 3.872.64 k)
Imidazole 1yl Ac. Ac. HCI (s) 1.644.72 k)
Phosphorous acid (s) 436.884 k)
PCl3 (1) 1.55030 kJ
Water (1) 94.12 kJ
Carbon (s) 164. 10 k)
Na(JH 309.72 k)
Hthanol 23.063.45 k)

SYNTHESIS
exergy destroyed 639 MJ

NS

exch waste products 31.0 MJ

Q1370 M

ex, of ZA not recovered at
crystallization 0.2 M.J

Methane sulphonic acid (1)
Imidazole 1yl Ac. Ac. HCI (s)
Phosphorous acid (s)

PCls (1)

Water (1)

Water (g)

HCl (g)

Carbon (s)

NaOH

Ethanol

Chemical exergy of the waste products

3.872.64 k]
1.019.73 k)
270.87 kl
1.550.30 %]
91.76 k]
2.36k]
1932k
164,10 %]
309.72 k)
23,663.43 k)

Figure B.5. Sankey Diagram of a) Case 1 and b) Case 2
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a)

Electric Power 639

Electric Power 1541 M

exergy destroyed 170 MJ

STIRRER, HVAC

639 MJ

1370 MJ

exch 33.4 MJ

SYNTHESIS
exergy destroyed 639 MJ

WS

exeh waste products 32.5 MJ

ex,, ZA recovered 0.9 MJ

Q1370 M)

ex of ZA not recovered at
crystallization 0.2 M.I

Chemical exergy of the reactants . Chemical exergy of the waste products
Methane sulphonic acid (1) 3.872.64 k) Methane sulphonic acid (1) 3.872.64 kI
Imidazole 1yl Ac. Ac. HCl(s) 164472k Imidazole 1y Ac. Ac. HCl (s)  937.43KJ
Phosphorous acid (s) 52426 k) R
E) 155030 kJ Phosphorous acid (s) 298.83 kJ
Water (1) 102.85 kJ PCl: (D 1,550.30 kJ
Carbon (s) 164.10 kI Water (1) 100.21 k)
NaOH 309.72 k1 Water (g) 2.64 k)
Ethanol 2524260 kJ HCI (g) 2186 kJ

Carbon (s) 164.10 kJ
NaOH 309.72 kJ
Ethanol 25.242.60 kJ
b)
Electric Power 639 STIRRER, HVAC 639 MJ ex  7Z.A recovered 1.0 MJ
30 MI SYNTHESIS

Electric Power 1541 M.

exergy destroyed IAJ

exch 35.8 MJ

Chemical exergy of the reactants
Methane sulphonic acid (1)
Imidazole 1yl Ac. Ac. HCI (s)
Phosphorous acid (s)

PClz (D
Water (1)
Carbon (s)
NaOH
Ethanol

3.872.64 kI
1.644.72 k]
63333k
1.550.30 k)
115.06 kI
164.10 kJ
309.72 kJ
27.453.45k]

exergy destroyed 639 MJ

WS

exch waste products 34.6 MJ

Q1370 M)

ex, of ZA not recovered at
crystallization 0.2 MJ

Chemical exergy of the waste products
Methane sulphonic acid (1) 3.872.64 kJ
Imidazole 1yl Ac. Ac. HCI (s) 82236kl
Phosphorous acid (s) 327.66k]
PCl; (1) 1.550.30 kJ
Water (1) 112,05 kl
Water (g) 3.05 k]
HCl (g) 2542kl
Carbon (s) 164.10 kJ
NaOH 309.72 kJ
Ethanol 27.453.45%]

Figure B.6. Sankey Diagram of a) Case 3 and b) Case 4
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Electric Power 639 MJ | STIRRER,HVAC | 639 MJ oy erct NN
- | exeh of waste products 18.1 MJ
Electric Power 770 MJ 685 M. SYNTHESIS _
Q645 My
/ exch 23.9 MJ exergy destroyed 639 MJ ex | ethanol 4.0 MJ
Exergy destructed 85 M.J «
Chemical exergy of the reactants
Methane sulphonic acid (1) 3,872.64 kI Q770 MY
Imidazole 1yl Ac. Ac. HCI (s}  1,644.72 kT hanol 11.8 M
Phosphorous acid (s) 635.35kT ex, ethanol 115 M)
PCL (D) 1,550.30 kI ex,, ZA not recovered at
Water (1) 1506 k1 callimstion .4 MJ
Carbon (s) 16410 kI crytaThation &
NaOH 309.72 kT Chemical exergy of the waste products
Ethanol 15,609.63 kI DISTILLATION Methane sulphonic acid (1) 3.872.64 kI
Imidazole 1yl Ac. Ac. HCI (s) 822.36 k)
Phosphorous acid (s) 327.66 k)
E destructed 127 MJ
xergy destructe PCls (1) 155030 kJ
Water (1) 112.03 k)
Water (g) 303 k)
HCl(g) 2547k
Carbon (s) 164.10 kJ
Electric power 127V1) NaDH 309.72 k)
Ethanol 11.661.67 k)

Electrical Power 4,490 MJ
Packaging materials 11,033 MJ
Secondary packaging 3,169 MJ
Analytical testing 827 MJ
Transportation of the materials 2,129 MJ
Zoledronic acid 0.7 MJ

\ Excipients 5.1 MJ PACKAGING
\

FINISHED
DOSAGE
PRODUCTION

Sterile,
unpackaged Unaccounted exergy 7,446 MJ

finished dosage

5.8M)

Exergy destructed 102 M)

Figure B.7. Sankey Diagram of a) Case 5 and b) Step 2 injectable production
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APPENDIX C: DETAILS (ADAPTED FROM THE EXCEL SHEETS) OF THE
PROCESS CALCULATIONS FOR ACTIVE PHARMACEUTICAL PRODUCT

SYNTHESIS
Table C.1. Mass Balance of dissolving of the reactants
Molecular
) Mole
Molecular weight of .
. ratio of
Weight of each the
12.01 | 1.01 | 16.00 |32.06 | 14.01|35.45|30.97 | 22.99 . the
element excipient
substance
(kg/kmol) (MW,
Xi,
kg/kmol) '
Materials in the
. C H o S N Cl P Na
inlet stream
Methane sulphonic
) 1 4 3 1 0 0 96.11 1.00
acid(l)
Imidazole 1yl Ac.
5 7 2 0 2 1 162.59 1.00
Ac. HCI(s)
Phosphorous acid
0 3 3 1 82.00 1.00
©)
Materials in the
C H 0] S N Cl P Na
outlet stream
Methane sulphonic
1 4 3 1 0 0 96.11 1.00
acid(l)
Imidazole 1yl Ac.
5 7 2 0 2 1 162.59 0.15
Ac. HCI(s)
Phosphorous acid
© 0 3 3 1 82.00 0.30
S

to calculate the data.

Z(N)in _Z(N)out =0

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

(C.1)
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Table C.2. Thermodynamic props of dissolving of the reactants

Total
Enthalpy Entropy of
Heat Enthalpy ] Entropy change
] Enthalpy, of formation
Capacity, . (Hrotal, (AS, kd/mol K)
(CpAT, |formation (S° kd/mol
(Cp, kJ/mol) AS=S°+CplIn(T/To)-
kJ/mol) (Hs, K)
kJ/mol K) H= Hs + RInx;
kJ/mol)
CpAT
Materials in the inlet stream
Methane
sulphonic 0.190 0.000 -566.200 -566.200 -0.7370 -0.7370
acid(l)
Imidazole
1yl Ac. Ac. 0.217 0.000 -536.300 -536.300 -2.1011 -2.1011
HCI(s)
Phosphorous
) 0.103 0.000 -965.525 -965.525 -0.1638 -0.1638
acid (s)
Materials in the outlet stream
Methane
sulphonic 0.190 7.600 -566.200 -558.600 -0.7370 -0.7131
acid(l)
Imidazole
1yl Ac. Ac. 0.217 8.668 -536.300 -527.632 -2.1011 -1.9183
HCI(s)
Phosphorous
) 0.103 4.112 -965.525 -961.413 -0.1638 -0.0521
acid (s)

The terms in Equation (C.2) calculated for Step 1.1 for dissolving of the reactants are

represented in Table C.2.

2(N; [eich + (h}),l- + ¢pi(T —Ty) — T [slp + cp,ilnTlo - Rulnxi])])in - (N [efh + (h}),i +

epi(T = To) = To [s? + cpaln - = Rulnx| ) o+ Q (1= 1) = W = Xaestroyea

(C.2)



Table C.3. Exergy and Xdestroyed Calculation of dissolving of the reactants

) Chemical
Physical exergy Total Exergy
Exergy
(AEpn, kJ/mol) (AE, kd/mol)
(AEph, kJ/mOI)

Materials in the inlet stream

Methane sulphonic

) -346.5629 968.16 621.60
acid(l)
Imidazole 1yl Ac.
89.8308 2741.20 2831.03
Ac. HCI(s)
Phosphorous acid
© -916.7216 364.07 -552.65
S

Materials in the outlet stream

Methane sulphonic

) -346.0943 968.16 622.07
acid(l)
Imidazole 1yl Ac.
44.0072 2741.20 2785.21
Ac. HCI(s)
Phosphorous acid
8 -945.8883 364.07 -581.82
S

Table C.4. Calculation of Xgestroyed Of dissolving of the reactants

Terms used to calculate
Calculated values, kJ
Xdestroyed (k\])
Mechanical Exergy as Work
938.25
(W, kJ)
Thermal exergy, (kJ
0y (k) 1854.42
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) 60.62
(NDb)in-(Nb)out
Xdestroyed (k\]) 2853.29

Each term in Equation (C.2) is calculated to find Xdestroyed.

212
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Table C.5. Mass Balance of addition of PCl3

Molecular
Mole
Molecular weight of .
) ratio of
Weight of each the
12.01 1.01 | 16.00 | 32.06 | 14.01 | 35.45 | 30.97 | 22.99 o the
element excipient
substance
(kg/kmol) (MW,
Xi,
kg/kmol) '
Materials in the
) C H O S N Cl P Na
inlet stream
Methane
o 1 4 3 1 0 0 - - 96.11 0.69
sulphonic acid(l)
Imidazole 1yl
5 7 2 0 2 1 - - 162.59 0.10
Ac. Ac. HCI(s)
Phosphorous
. 0 3 3 - - - 1 - 82.00 0.21
acid (s)
Phosphorous
. . - - - - - 3 1 - 137.33 1.00
trichloride (s)
Materials in the
C H o S N Cl P Na
outlet stream
Methane
A 1 4 3 1 0 0 - - 96.11 0.61
sulphonic acid(l)
Zoledronic
5 10 7 - 2 - 2 - 272.11 0.09
acid(s)
HCI (g) - 1 - - - 1 - - 36.46 0.50
Water (g) - 2 1 - - - - - 18.02 0.50
Phosphorous
] ) - - - - - 3 1 - 137.33 0.30
trichloride (s)

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.6. Thermodynamic props of addition of PCls3

Enthal Total Ent f | Ent h
ntha ntropy o ntropy change
Heat by Enthalpy p)./ Py d
) Enthalpy, of formation | (AS, kJ/mol K)
Capacity, . (Hrotal,
(CpAT, | formation (S° kJ/mol AS=
(Cp, kJ/mol)
kJ/mol) (Hs, K) S°+CpIn(T/To)-
kJ/mol K) H=H¢ +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
sulphonic 0.190 7.600 -566.200 -558.600 -0.7370 -0.6826
acid(l)
Imidazole 1yl
Ac. Ac. 0.217 8.668 -536.300 -527.632 -2.1011 -1.8878
HCI(s)
Phosphorous
) 0.103 4112 -965.525 -961.413 -0.1638 -0.0216
acid (s)
Phosphorous
0.120 0.000 -319.700 -319.700 0.5164 0.5164

trichloride (s)

Materials in the outlet stream

Methane
sulphonic 0.190 7.600 -566.200 -558.600 -0.7370 -0.6720
acid(l)
Zoledronic
) 0.351 14.020 -2032.960 | -2018.940 -0.5705 -0.3298
acid(s)
HCI (g) 0.036 1.454 -92.300 -90.846 0.1868 0.2482
Water (g) 0.036 1.437 -241.820 -240.383 0.1888 0.2502
Phosphorous
0.120 4.800 -319.700 -314.900 0.5164 0.6294

trichloride (s)

The terms in Equation (C.2) calculated for reaction after addition of PCls are represented in
Table C.6.
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Table C.7. Exergy and Xaestroyed Calculation of addition of PCl3

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtot, kd/mol)
Materials in the inlet stream
Methane sulphonic acid(l) -355.1738 968.16 612.99
Imidazole 1yl Ac. Ac.
34.9277 2741.20 2776.13
HCI(s)
Phosphorous acid (s) -954.9679 364.07 -590.90
Phosphorous trichloride
-473.5724 775.15 301.58

)

Materials in the outlet stream

Methane sulphonic acid(l) -358.3312 968.16 609.83
Zoledronic acid(s) -1920.6687 3593.91 1673.24
HCI (g) -164.8145 84.73 -80.08

Water (g) -314.9435 9.34 -305.60

Phosphorous trichloride

©)

-502.4512 775.15 272.70

Table C.8. Calculation of Xdestroyed Of addition of PCls

Terms used to calculate
Calculated values, kJ
Xdestroyed (k\])
Mechanical Exergy as Work
75060.00
(W. kJ)
Thermal exergy, (kJ
9y. (k) 148353.88
Q(1-(To/T))
Total Exergy flow, (kJ
» (k) 254.45
(Nb)in‘(Nb)out
Xdestroyed (kJ) 223668.34

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.9. Mass Balance of cooling of the reaction products

Molecular Mole
Molecular weight of ratio of
Weight of each the the
12.01 | 1.01 | 16.00 | 32.06 | 14.01 | 35.45| 30.97 | 22.99 o
element excipient | substance
(kg/kmol) (MW, Xi,
kag/kmol)
Materials in the
) C H O S N Cl P Na
inlet stream
Methane sulphonic
. 1 4 3 1 0 0 - - 96.11 0.61
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.09
Phosphorous
. . - - - - - 3 1 - 137.33 0.30
trichloride (s)
Materials in the
C H O S N Cl P Na
outlet stream
Methane sulphonic
. 1 4 3 1 0 0 - - 96.11 0.61
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.09
Phosphorous
. . - - - - - 3 1 - 137.33 0.30
trichloride (s)

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.10. Thermodynamic props of cooling of the reaction products

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy | Entropy of by J
] Enthalpy, of . (AS, kd/mol K)
Capacity, . (Htotat, | formation (S°,
(CpAT, |formation AS=
(Cp, kJ/mol) kJ/mol K)
kJ/mol) (H, So+Cpln(T/To)-
kJ/mol K) H= Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
sulphonic 0.19 7.60 -566.20 -558.60 -0.7370 -0.6720
acid(l)
Zoledronic
. 0.35 14.02 -2032.96 | -2018.94 -2.1011 -1.8603
acid(s)
Phosphorous
0.12 4.80 -319.70 -314.90 0.5164 0.6294

trichloride (s)

Materials in the outlet stream

Methane
sulphonic 0.19 4.75 -566.20 -561.45 -0.7370 -0.6807
acid(l)
Zoledronic
0.35 8.76 -2032.96 | -2024.20 -2.1011 -1.8762
acid(s)
Phosphorous
0.12 3.00 -319.70 -316.70 0.5164 0.6239

trichloride (s)

The terms in Equation (C.2) calculated for cooling of the reaction products are represented
in Table C.10.



Table C.11. Exergy and Xgestroyed Calculation cooling of the reaction products

Physical exergy
(AEph, kJ/mol)

Chemical Exergy
(AEch, kJ/mol)

Total Exergy
(AEtot, kd/mol)

Materials in the inlet stream

()

Methane sulphonic acid(l) -358.3312 968.16 609.83
Zoledronic acid(s) -1464.5598 3593.91 2129.35
Phosphorous trichloride
-502.4512 775.15 272.70
(©)
Materials in the outlet stream
Methane sulphonic acid(l) -358.6110 968.16 609.55
Zoledronic acid(s) -1465.0760 3593.91 2128.83
Phosphorous trichloride
-502.6279 775.15 272.52

Table C.12. Calculation of Xgestroyed OF cooling of the reaction products

Terms used to calculate
Xdestroyed (k\])

Calculated values, kJ

Mechanical Exergy as Work

938.25
(W, kJ)
Thermal exergy, (kJ
ay, (kJ) 085
Q(1-(To/T))
Total Exergy flow, (kJ
ay (KJ) L8
(Nb)in‘(Nb)out
Xdestroyed (k\]) 939.18
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Table C.13. Calculation of Xgestroyed OF heating and addition absorbent and water

Terms used to calculate
Calculated values, kJ
Xdestroyed (kJ)
Mechanical Exergy as Work
1563.75
(W, kJ)
Thermal exergy, (kJ
9y (k) 2266.77
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) 40.88
(Nb)in'(Nb)out
Xdestroyed (kJ) 3871.40

Table C.14. Calculation of Xdestroyed OF filtration of absorbent

Terms used to calculate Xdestroyed

Calculated values, kJ
(kJ)

Mechanical Exergy as Work (W, kJ) 938.25

Thermal exergy, (kJ)

1289.37
Q(1-(To/T))
Total Exergy flow, (kJ
v () 269.75
(Nb)in'(Nb)out
Xdestroyed (kJ) 2497.38

Each term in equation C.2. is calculated to find Xdestroyed.
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Table C.15. Mass Balance of cooling

Molecular
. Mole
. weight of .
Molecular Weight " ratio of
e
of eachelement | 12.01 | 1.01 | 16.00 |32.06 | 14.01 | 35.45 | 30.97 | 22.99 o the
excipient
(kg/kmol) substance
(MW,
Xi,
kag/kmol)
Materials in the
) C H ¢} S N Cl P Na
inlet stream
Methane sulphonic
. 1 4 3 1 - - - - 96.11 0.19
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.03
Phosphorous
. . - - - - - 3 1 - 137.33 0.09
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.69
Materials in the
C H ¢} S N Cl P Na
outlet stream
Methane sulphonic
. 1 4 3 1 - - - - 96.11 0.19
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 27211 0.03
Phosphorous
. . - - - - - 3 1 - 137.33 0.09
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.69

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.16. Thermodynamic props of of cooling

Total

Enthalpy Entropy of
Heat Enthalpy ] Entropy change
] Enthalpy, of formation
Capacity, . (Hrotal, (AS, kd/mol K)
(CpAT, | formation (S° kd/mol
(Cyp, kJ/mol) AS=S°+CpIn(T/To)-
kJ/mol) (Hs, K)
kJ/mol K) H= Hs + RInx;
kJ/mol)
CpAT
Materials in the inlet stream
Methane
sulphonic 0.19 9.50 -566.20 -556.70 -0.7370 -0.5710
acid(l)
Zoledronic
. 0.35 17.53 -2032.96 -2015.44 -2.1011 -1.7546
acid(s)
Phosphorous
) . 0.12 6.00 -319.70 -313.70 0.5164 0.7284
trichloride (s)

Water (1) 0.08 3.77 -285.83 -282.07 0.0700 0.1123

Materials in the outlet stream

Methane
sulphonic 0.19 -3.80 -566.20 -570.00 -0.7370 -0.6136
acid(l)
Zoledronic
) 0.35 -7.01 -2032.96 -2039.97 -2.1011 -1.8333
acid(s)
Phosphorous
) ) 0.12 -2.40 -319.70 -322.10 0.5164 0.7014
trichloride (s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.0954

The terms in Equation (C.2) calculated for cooling are represented in Table C.16.
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Table C.17. Exergy and Xqestroyed Calculation of cooling

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtot, kd/mol)
Materials in the inlet stream
Methane sulphonic acid(l) -386.5511 968.16 581.61
Zoledronic acid(s) -1492.5691 3593.91 2101.34
Phosphorous trichloride
-530.7628 775.15 244.39
()
Water (1) -315.5257 0.77 -314.76
Materials in the outlet stream
Methane sulphonic acid(l) -387.1353 968.16 581.02
Zoledronic acid(s) -1493.6468 3593.91 2100.26
Phosphorous trichloride
-531.1318 775.15 244.02
()
Water (1) -315.7572 0.77 -314.99

Table C.18. Calculation of Xgestroyed Of cooling

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W,
2814.75
kJ)
Thermal exergy, (kJ
9y (k) -189.03
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) 709
(Nb)in'(Nb)out
Xdestroyed (k\]) 2632.81

Each term in Equation (C.2) is calculated to find Xagestroyed-
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Table C.19. Mass Balance of of NaOH addition

Molecular Mole
. weight of | ratio of
Molecular Weight
the the
of eachelement | 12.01 | 1.01 | 16.00 | 32.06 | 14.01 | 35.45 | 30.97 | 22.99 o
excipient | substance
(kg/kmol)
(MW, Xi,
kag/kmol)
Materials in the
. C H ¢} S N Cl P Na
inlet stream
Methane sulphonic
. 1 4 3 1 - - - - 96.11 0.19
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.03
Phosphorous
. . - - - - - 3 1 - 137.32 0.09
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 2.53
NaOH (1) - 1 1 - - - - 1 40.00 0.16
Materials in the
C H o] S N Cl P Na
outlet stream
Methane sulphonic
) 1 4 3 1 - - - - 96.11 0.09
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
. . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.77
NaOH (1) - 1 1 - - - - 1 40.00 0.09

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.20. Thermodynamic prop’s of NaOH addition

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy Entropy of Py g
] Enthalpy, of . (AS, kd/mol K)
Capacity, . (Hrotal, formation (S°,
(CpAT, |formation AS=
(Cp, kd/mol kJ/mol) kJ/mol K)
kJ/mol) (Hs, So+CpIn(T/To)-
K) H=Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
o 0.19 -3.80 -566.20 -570.00 -0.7370 -0.6136
sulphonic acid(l)
Zoledronic
. 0.35 -7.01 -2032.96 | -2039.97 -2.1011 -1.8333
acid(s)
Phosphorous
) ) 0.12 -2.40 -319.70 -322.10 0.5164 0.7014
trichloride (s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.0954
Water (1) 0.08 0.00 -285.83 -285.83 0.0700 0.0839
NaOH (1) 0.06 0.00 -425.61 -425.61 0.0645 0.2164
Materials in the outlet stream
Methane
By 0.19 -3.80 -566.20 -570.00 -0.7370 -0.5488
sulphonic acid(l)
Zoledronic
] 0.35 -7.01 -2032.96 | -2039.97 -2.1011 -1.7685
acid(s)
Phosphorous
) ) 0.12 -2.40 -319.70 -322.10 0.5164 0.7663
trichloride (s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.2885
NaOH (1) 0.06 -1.19 -425.61 -426.80 0.0645 0.2618

The terms in Equation (C.2) calculated for NaOH addition are represented in Table C.20.
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Table C.21. Exergy and Xgestroyed Calculation of NaOH addition

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtt, kd/mol)
Materials in the inlet stream
Methane sulphonic acid(l) -387.1353 968.16 581.02
Zoledronic acid(s) -1493.6468 3593.91 2100.26
Phosphorous trichloride
-531.1318 775.15 244.02
()
Water (1) -315.7572 0.77 -314.99
Water (1) -310.8445 0.77 -310.07
NaOH (1) -490.0839 77.43 -412.65
Materials in the outlet stream
Methane sulphonic acid(l) -406.4586 968.16 561.70
Zoledronic acid(s) -1512.9702 3593.91 2080.94
Phosphorous trichloride
-550.4552 775.15 224.69
()
Water (1) -335.0806 0.77 -334.31
Water (1) -325.5560 0.77 -324.79
NaOH (1) -504.8065 77.43 -427.38

Table C.22. Calculation of Xgestroyed OFf NaOH addition

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W,
4691.25
kJ)
Thermal exergy, (kJ
9y, () -189.03
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) -784.07
(NbB)in-(NB)out
Xdegtroyed (k\]) 371814

Each term in Equation (C.2) is calculated to find Xagestroyed-
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Table C.23. Mass Balance of heating to room temperature

Molecular
) Mole
Molecular weight of .
] ratio of
Weight of each the
12.01 | 1.01 | 16.00 | 32.06 | 14.01 | 35.45 | 30.97 | 22.99 o the
element excipient
substance
(kg/kmol) (MW,
Xi,
kg/kmol) '
Materials in the
) C H O S N Cl P Na
inlet stream
Methane
o 1 4 3 1 - - - - 96.11 0.09
sulphonic acid(l)
Zoledronic acid(s) | 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
. . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.77
NaOH (1) - 1 1 - - - - 1 40.00 0.09
Materials in the
C H o S N Cl P Na
outlet stream
Methane
P 1 4 3 1 - - - - 96.11 0.09
sulphonic acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
. . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.77
NaOH (1) - 1 1 - - - - 1 40.00 0.09

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.



Table C.24. Thermodynamic props of heating to room temperature

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy | Entropy of Py d
) Enthalpy, of . (AS, kd/mol K)
Capacity, . (Htotat, | formation (S°,
(CpAT, | formation AS=
(Cp, kJ/mol) kJ/mol K)
kJ/mol) (Hs, S°+CpIn(T/To)-
kJ/mol K) H= Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
sulphonic 0.19 -3.80 -566.20 -570.00 -0.7370 -0.5488
acid(l)
Zoledronic
; 0.35 -7.01 -2032.96 | -2039.97 -2.1011 -1.7685
acid(s)
Phosphorous
. . 0.12 -2.40 -319.70 -322.10 0.5164 0.7663
trichloride (s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.2885
NaOH (1) 0.06 -1.19 -425.61 -426.80 0.0645 0.2618
Materials in the outlet stream
Methane
sulphonic 0.19 -0.95 -566.20 -567.15 -0.7370 -0.5388
acid(l)
Zoledronic
. 0.35 -1.75 -2032.96 | -2034.71 -2.1011 -1.7500
acid(s)
Phosphorous
) ) 0.12 -0.60 -319.70 -320.30 0.5164 0.7726
trichloride (s)
Water (1) 0.08 -0.38 -285.83 -286.21 0.0700 0.2964
NaOH (1) 0.06 -0.30 -425.61 -425.91 0.0645 0.2649
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The terms in Equation (C.2) calculated for heating to room temperature are represented in

Table C.24.



Table C.25. Exergy and Xgestroyed Calculation of heating to room temperature

Physical exergy
(AEph, kJ/mol)

Total Exergy
(AEtt, kd/mol)

Chemical Exergy
(AEch, kJ/mol)

Materials in the inlet stream

Methane sulphonic

) -406.4586 968.16 561.70
acid(l)
Zoledronic acid(s) -1512.9702 3593.91 2080.94
Phosphorous
. . -550.4552 775.15 224.69
trichloride (s)
Water (1) -335.0806 0.77 -334.31
Water (1) -325.5560 0.77 -324.79
NaOH (1) -504.8065 77.43 -427.38

Materials in the outlet stream

Methane sulphonic

. -406.5841 968.16 561.58
acid(l)
Zoledronic acid(s) -1513.2017 3593.91 2080.71
Phosphorous
. -550.5344 775.15 224.62
trichloride (s)
Water (1) -335.1303 0.77 -334.36
Water (1) -325.6058 0.77 -324.84
NaOH (1) -504.8459 77.43 -427.42

Table C.26. Calculation of Xgestroyed Of heating to room temperature

Terms used to calculate Xdestroyed

Calculated values, kJ

(kJ)
Mechanical Exergy as Work (W,
938.25
kJ)
Thermal exergy, (kJ
ay, (k) 037
Q(1-(To/T))
Total Exergy flow, (kJ
¥ (k) 2.75
(NDB)in-(NDB)out
Xdestroyed (k\]) 940.63

Each term in Equation (C.2) is calculated to find Xagestroyed.
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Table C.27. Mass Balance of of addition of ethanol

Molecular
) Mole
Molecular weight of .
] ratio of
Weight of each the
12.01 | 1.01 | 16.00 |32.06 |14.01|35.45|30.97 | 22.99 o the
element excipient
substance
(kg/kmol) (MW,
Xi,
kg/kmol) '
Materials in the
. C H O S N Cl P Na
inlet stream
Methane
o 1 4 3 1 - - - - 96.11 0.09
sulphonic acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
s . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.77
NaOH (1) - 1 1 - - - - 1 40.00 0.09
Ethanol (I) 2 6 1 - - - - - 46.08 1.00
Materials in the
C H o S N Cl P Na
outlet stream
Methane
w 1 4 3 1 - - - - 96.11 0.07
sulphonic acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
- - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.65
NaOH (1) - 1 1 - - - - 1 40.00 0.07
Ethanol (1) 2 6 1 - - - - - 46.08 0.16

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.



Table C.28. Thermodynamic props of addition of ethanol

Total Entropy
Enthalpy
Heat Enthalpy | Entropy of change
) Enthalpy, of .
Capacity, . (Htotar, | formation (S°, | (AS, kd/mol K)
(CpAT, |formation
(Cp, kJ/mol) kJ/mol K) AS=
kJ/mol) (Hs,
kJ/mol K) H=Hs + S°+Cpln(T/To)-
kJ/mol)
CpAT Rlnxi
Materials in the inlet stream
Methane
sulphonic 0.19 -0.95 -566.20 -567.15 -0.7370 -0.5388
acid(l)
Zoledronic
. 0.35 -1.75 -2032.96 | -2034.71 -2.1011 -1.7500
acid(s)
Phosphorous
. . 0.12 -0.60 -319.70 -320.30 0.5164 0.7726
trichloride (s)
Water (1) 0.08 -0.38 -285.83 -286.21 0.0700 0.2964
NaOH (1) 0.06 -0.30 -425.61 -425.91 0.0645 0.2649
Ethanol (1) 0.11 0.00 -277.69 -277.69 0.1607 0.1607
Materials in the outlet stream
Methane
sulphonic 0.19 -0.95 -566.20 -567.15 -0.7370 -0.5249
acid(l)
Zoledronic
) 0.35 -1.75 -2032.96 | -2034.71 -2.1011 -1.7362
acid(s)
Phosphorous
) ) 0.12 -0.60 -319.70 -320.30 0.5164 0.7865
trichloride (s)
Water (1) 0.08 -0.38 -285.83 -286.21 0.0700 0.3241
NaOH (1) 0.06 -0.30 -425.61 -425.91 0.0645 0.2788
Ethanol (1) 0.11 -0.56 -277.69 -278.25 0.1607 0.3114
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The terms in Equation (C.2) calculated for addition of ethanol are represented in Table C.28.
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Table C.29. Exergy and Xaestroyed Calculation of addition of ethanol

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtt, kd/mol)
Materials in the inlet stream
Methane sulphonic acid(l) -406.5841 968.16 561.58
Zoledronic acid(s) -1513.2017 3593.91 2080.71
Phosphorous trichloride
-550.5344 775.15 224.62
©)
Water (1) -335.1303 0.77 -334.36
Water (1) -325.6058 0.77 -324.84
NaOH (1) -504.8459 77.43 -427.42
Ethanol (I) -325.5786 1356.01 1030.43
Materials in the outlet stream
Methane sulphonic acid(l) -410.7177 968.16 557.44
Zoledronic acid(s) -1517.3353 3593.91 2076.57
Phosphorous trichloride
-554.6680 775.15 220.48
©)
Water (1) -339.2639 0.77 -338.49
Water (1) -329.739%4 0.77 -328.97
NaOH (1) -508.9795 77.43 -431.55
Ethanol (1) -371.0318 1356.01 984.98

Table C.30. Calculation of Xdestroyed O addition of ethanol

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W,
625.50
kJ)
Thermal exergy, (kJ
9y, (K)) -12.82
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) 583.77
(Nb)in'(Nb)out
Xdestroyed (k-]) 1196.45

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.31. Mass Balance of stirring

Molecular
. Mole
. weight of .
Molecular Weight " ratio of
e
of eachelement | 12.01 | 1.01 | 16.00 | 32.06 | 14.01 | 35.45 | 30.97 | 22.99 o the
excipient
(kg/kmol) substance
(MW,
Xi,
kag/kmol)
Materials in the
) C H O S N Cl P Na
inlet stream
Methane sulphonic
. 1 4 3 1 - - - - 96.11 0.07
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
. . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.61
NaOH (1) - 1 1 - - - - 1 40.00 0.07
Ethanol (1) 2 6 1 - - - - - 46.08 0.16
Materials in the
. C H o S N Cl P Na
inlet stream
Methane sulphonic
. 1 4 3 1 - - - - 96.11 0.07
acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
- - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.61
NaOH (1) - 1 1 - - - - 1 40.00 0.07
Ethanol (1) 2 6 1 - - - - - 46.08 0.16

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.32. Thermodynamic props of stirring

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy | Entropy of by J
] Enthalpy, of . (AS, kd/mol K)
Capacity, . (Htotar, | formation (S°,
(CpAT, |formation AS=
(Cp, kJ/mol) kJ/mol K)
kJ/mol) (Hs, So+Cpln(T/To)-
kJ/mol K) H= Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
sulphonic 0.19 -0.95 -566.20 -567.15 -0.7370 -0.5249
acid(l)
Zoledronic
. 0.35 -1.75 -2032.96 | -2034.71 -2.1011 -1.7362
acid(s)
Phosphorous
. . 0.12 -0.60 -319.70 -320.30 0.5164 0.7865
trichloride (s)
Water (1) 0.08 -0.38 -285.83 -286.21 0.0700 0.3242
NaOH (I) 0.06 -0.30 -425.61 -425.91 0.0645 0.2788
Ethanol (1) 0.11 -0.56 -277.69 -278.25 0.1607 0.3114
Materials in the outlet stream
Methane
sulphonic 0.19 -0.95 -566.20 -567.15 -0.7370 -0.5249
acid(l)
Zoledronic
0.35 -1.75 -2032.96 | -2034.71 -2.1011 -1.7362
acid(s)
Phosphorous
) ) 0.12 -0.60 -319.70 -320.30 0.5164 0.7865
trichloride (s)
Water (1) 0.08 -0.38 -285.83 -286.21 0.0700 0.3242
NaOH (1) 0.06 -0.30 -425.61 -425.91 0.0645 0.2788
Ethanol (1) 0.11 -0.56 -277.69 -278.25 0.1607 0.3114

The terms in Equation (C.2) calculated for stirring are represented in Table C.32.



Table C.33. Exergy and Xgestroyed Calculation of stirring

Physical exergy
(AEph, kJ/mol)

Chemical Exergy
(AEch, kd/mol)

Total Exergy
(AEtot, kJ/mol)

Materials in the inlet stream
Methane sulphonic acid(l) -410.7177 968.16 557.44
Zoledronic acid(s) -1517.3353 3593.91 2076.57
Phosphorous trichloride (s) -554.6680 775.15 220.48
Water (1) -339.2639 0.77 -338.49
Water (1) -329.7394 0.77 -328.97
NaOH (1) -508.9795 77.43 -431.55
Ethanol (I) -371.0318 1356.01 984.98
Materials in the outlet stream
Methane sulphonic acid(l) -410.7177 968.16 557.44
Zoledronic acid(s) -1517.3353 3593.91 2076.57
Phosphorous trichloride (s) -554.6680 775.15 220.48
Water (1) -339.2639 0.77 -338.49
Water (1) -329.7394 0.77 -328.97
NaOH (1) -508.9795 77.43 -431.55
Ethanol (1) -371.0318 1356.01 984.98

Table C.34. Calculation of Xgestroyed OF Stirring

Terms used to calculate
Xdestroyed (kJ)

Calculated values, kJ

Mechanical Exergy as Work

11259.00
(W, kJ)
Thermal exergy, (kJ
9y (k) -12.82
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) 0.00
(Nb)in'(Nb)out
Xdestroyed (kJ) 11246.18

Each term in Equation (C.2) is calculated to find Xagestroyed.
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Table C.35. Mass Balance of cooling to a temperature lower than 0 °C

Molecular Weight | 12.01 | 1.01 | 16.00 | 32.06 | 14.01 | 35.45 | 30.97 | 22.99 | Molecular Mole

of each element weight of ratio of
(kg/kmol) the the
excipient | substance
(MW, Xi,
kg/kmol)
Materials in the C H O S N Cl P Na
inlet stream

Methane sulphonic 1 4 3 1 - - - - 96.11 0.07

acid(l)

Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous - - - - - 3 1 - 137.32 0.04
trichloride (s)

Water (1) - 2 1 - - - - - 18.02 0.65

NaOH (1) - 1 1 - - - - 1 40.00 0.07

Ethanol (1) 2 6 1 - - - - - 46.08 0.16
Materials in the C H o] S N Cl P Na

outlet stream

Methane sulphonic 1 4 3 1 - - - - 96.11 0.07

acid(l)

Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous - - - - - 3 1 - 137.32 0.04
trichloride (s)

Water (1) - 2 1 - - - - - 18.02 0.65
NaOH (1) - 1 1 - - - - 1 40.00 0.07
Ethanol (1) 2 6 1 - - - - - 46.08 0.16

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.36. Thermodynamic props of cooling to a temperature lower than 0 °C

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy | Entropy of Py d
] Enthalpy, of . (AS, kd/mol K)
Capacity, . (Htotat, | formation (S°,
(CpAT, |formation AS=
(Cp, kJ/mol) kJ/mol K)
kJ/mol) (H, S°+Cpln(T/To)-
kJ/mol K) H= Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
sulphonic 0.19 -0.95 -566.20 -567.15 -0.7370 -0.5249
acid(l)
Zoledronic
. 0.35 -1.75 -2032.96 | -2034.71 -2.1011 -1.7362
acid(s)
Phosphorous
. . 0.12 -0.60 -319.70 -320.30 0.5164 0.7865
trichloride (s)
Water (1) 0.08 -0.38 -285.83 -286.21 0.0700 0.3241
NaOH (1) 0.06 -0.30 -425.61 -425.91 0.0645 0.2788
Ethanol (1) 0.11 -0.56 -277.69 -278.25 0.1607 0.3114
Materials in the outlet stream
Methane
sulphonic 0.19 -5.70 -566.20 -571.90 -0.7370 -0.5419
acid(l)
Zoledronic
0.35 -10.52 -2032.96 | -2043.48 -2.1011 -1.7674
acid(s)
Phosphorous
) ) 0.12 -3.60 -319.70 -323.30 0.5164 0.7758
trichloride (s)
Water (1) 0.08 -2.26 -285.83 -288.09 0.0700 0.3107
NaOH (1) 0.06 -1.79 -425.61 -427.40 0.0645 0.2735
Ethanol (1) 0.11 -3.34 -277.69 -281.03 0.1607 0.3014

The terms in Equation (C.2) calculated for cooling to a temperature lower than 0 °C are

represented in Table C.36.
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Table C.37. Exergy and Xgestroyed Calculation of cooling to a temperature lower than 0 °C

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtt, kd/mol)
Materials in the inlet stream
Methane sulphonic acid(l) -410.7177 968.16 557.44
Zoledronic acid(s) -1517.3353 3593.91 2076.57
Phosphorous trichloride
-554.6680 775.15 220.48
(©)
Water (1) -339.2639 0.77 -338.49
Water (1) -329.7394 0.77 -328.97
NaOH (I) -508.9795 77.43 -431.55
Ethanol (1) -371.0318 1356.01 984.98
Materials in the outlet stream
Methane sulphonic acid(l) -410.4180 968.16 557.74
Zoledronic acid(s) -1516.7825 3593.91 2077.13
Phosphorous trichloride
-554.4788 775.15 220.67
)
Water (1) -339.1452 0.77 -338.38
Water (1) -329.6206 0.77 -328.85
NaOH (1) -508.8856 77.43 -431.46
Ethanol (1) -370.8560 1356.01 985.15

Table C.38. Calculation of Xgestroyed OF Cooling to a temperature lower than 0 °C

Terms used to calculate Xdestroyed (kJ) Calculated values, kJ
Mechanical Exergy as Work (W, kJ) 938.25
Thermal exergy, (kJ
9. (k) -726.90
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) 8,08
(Nb)in'(Nb)out
Kdestroyed (kJ) 203.27

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.39. Mass Balance of filtration and collecting of the product

Molecular
. Mole
Molecular weight of .
] ratio of
Weight of each the
12.01 | 1.01 |16.00|32.06|14.01 | 35.45| 30.97 | 22.99 o the
element excipient
substance
(kg/kmol) (MW,
Xi,
kg/kmol) '
Materials in the
) C H O S N Cl P Na
inlet stream
Methane
o 1 4 3 1 - - - - 96.11 0.07
sulphonic acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 272.11 0.01
Phosphorous
) . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.65
NaOH (1) - 1 1 - - - - 1 40.00 0.07
Ethanol (1) 2 6 1 - - - - - 46.08 0.16
Materials in the
C H O S N Cl P Na
outlet stream
Methane
o 1 4 3 1 - - - - 96.11 0.07
sulphonic acid(l)
Zoledronic acid(s) 5 10 7 - 2 - 2 - 27211 1.00
Phosphorous
. . - - - - - 3 1 - 137.32 0.04
trichloride (s)
Water (1) - 2 1 - - - - - 18.02 0.65
NaOH (1) - 1 1 - - - - 1 40.00 0.07
Ethanol (1) 2 6 1 - - - - - 46.08 0.16

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.
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Table C.40. Thermodynamic props of filtration and collecting of the product

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy Entropy of Py d
) Enthalpy, of . (AS, kd/mol K)
Capacity, . (Htotat, | formation (S°,
(CpAT, | formation AS=
(Cp, kJ/mol) kJ/mol K)
kJ/mol) (H, SO+Cpln(T/To)-
kJ/mol K) H= Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Methane
sulphonic 0.19 -5.70 -566.20 -571.90 -0.7370 -0.5419
acid(l)
Zoledronic
- 0.35 -10.52 -2032.96 | -2043.48 -2.1011 -1.7674
acid(s)
Phosphorous
. . 0.12 -3.60 -319.70 -323.30 0.5164 0.7758
trichloride (s)
Water (1) 0.08 -2.26 -285.83 -288.09 0.0700 0.3107
NaOH (1) 0.06 -1.79 -425.61 -427.40 0.0645 0.2735
Ethanol (1) 0.11 -3.34 -277.69 -281.03 0.1607 0.3014
Materials in the outlet stream
Methane
sulphonic 0.19 -3.80 -566.20 -570.00 -0.7370 -0.5358
acid(l)
Zoledronic
) 0.35 -7.01 -2032.96 | -2039.97 -2.1011 -2.1255
acid(s)
Phosphorous
) ) 0.12 -2.40 -319.70 -322.10 0.5164 0.7793
trichloride (s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.3144
NaOH (1) 0.06 -1.19 -425.61 -426.80 0.0645 0.2747
Ethanol (1) 0.11 -2.23 -277.69 -279.92 0.1607 0.3046

The terms in Equation (C.2) calculated for filtration and collecting of the product are

represented in Table C.40.



Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtot, kd/mol)
Materials in the inlet stream
Methane sulphonic acid(l) -410.4180 968.16 557.74
Zoledronic acid(s) -1516.7825 3593.91 2077.13
Phosphorous trichloride (s) -554.4788 775.15 220.67
Water (1) -339.1452 0.77 -338.38
Water (1) -329.6206 0.77 -328.85
NaOH (1) -508.8856 77.43 -431.46
Ethanol (I) -370.8560 1356.01 985.15
Materials in the outlet stream
Methane sulphonic acid(l) -410.3255 968.16 557.83
Zoledronic acid(s) -1406.5829 3593.91 2187.33
Phosphorous trichloride (s) -554.3220 775.15 220.83
Water (1) -338.9474 0.77 -338.18
Water (1) -329.4229 0.77 -328.65
NaOH (1) -508.6734 77.43 -431.24
Ethanol (I) -370.6915 1356.01 985.32
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Table C.41. Exergy and Xdestroyed Calculation of filtration and collecting of the product

Table C.42. Calculation of Xgestroyed OF filtration and collecting of the product

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W, kJ) 625.50
Thermal exergy, (kJ
gy, (kJ) 0.00
Q(1-(To/T))
Total Exergy flow, (kJ
v () -76.20
(Nb)in-(Nb)out
Xdestroyed (k-]) 549.23

Each term in Equation (C.2) is calculated to find Xgestroyed.
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Table C.43. Mass Balance of crystallization at a temperature lower than 0 °C

Molecular

. Mole
. weight of .
Molecular Weight of " ratio of
e

each element 12.01 1.01 16.00 | 32.06 | 14.01 | 35.45 | 30.97 o the

excipient

(kg/kmol) substance
(MW,
Xi,
kag/kmol)
Materials in the inlet
C H ¢} S N Cl P
stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 1.00
Water (1) - 2 1 - - - - 18.02 1.00
Materials in the
C H o] S N Cl P
outlet stream

Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.

Table C.44. Thermodynamic props of crystallization at a temperature lower than 0 °C

Enthal Total Ent f | Ent h
ntha ntropy o ntropy change
Heat by Enthalpy p)./ by g
] Enthalpy, of formation | (AS, kJ/mol K)
Capacity, . (Htotal,
(CpAT, | formation (S°, kd/mol AS=
(Cp, kJ/mol)
kJ/mol) (Hs, K) So+CpIn(T/To)-
kJ/mol K) H=Hs¢ +
kJ/mol) RInxi
CoAT
Materials in the inlet stream
Zoledronic
] 0.35 0.00 -2032.96 -2032.96 -0.5705 -0.5705
acid(s)
Water (1) 0.08 0.00 -285.83 -285.83 0.0700 0.0700
Materials in the outlet stream
Zoledronic
] 0.35 22.78 -2032.96 -2010.18 -0.5705 -0.1403
acid(s)
Water (1) 0.08 4.89 -285.83 -280.94 0.0700 0.0705

The terms in Equation (C.2) calculated for crystallization at a temperature lower than 0 °C

are represented in Table C.44.
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Table C.45. Exergy and Xgestroyed Calculation of crystallization at a temperature lower than 0
°C

Physical exergy | Chemical Exergy Total Exergy
(AEph, kd/mol) (AEch, kd/mol) (AEtot, kJ/mol)

Materials in the inlet stream

Zoledronic acid(s) -1862.9382 3593.91 1730.97

Water (1) -306.6751 0.77 -305.91
Materials in the outlet stream

Zoledronic acid(s) -2000.4027 3593.91 1593.51

Water (1) -306.2888 0.77 -305.52

Table C.46. Calculation of Xdestroyed OF Crystallization at a temperature lower than 0 °C

Terms used to calculate
Calculated values, kJ
Xdestroyed (kJ)
Mechanical Exergy as Work
22518.00
(W, kJ)
Thermal exergy, (kJ
9y, () 7790.01
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) 12.44
(Nb)in‘(Nb)out
Xdestroyed (k\]) 30320.45

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.47. Mass Balance of stirring the raw material and heating up

Molecular
. Mole
. weight of .
Molecular Weight " ratio of
e
of each element 12.01 1.01 16.00 | 32.06 | 14.01 | 35.45 | 30.97 o the
excipient
(kg/kmol) substance
(MW,
Xi,
kag/kmol)
Materials in the
) C H ¢} S N Cl P
inlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00
Materials in the
C H (0] S N Cl P
outlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used
to calculate the data.

Table C.48. Thermodynamic props of stirring the raw material and heating up

Heat Enthalpy Total Entropy of | Entropy change
ea
. Enthalpy, of Enthalpy formation (AS, kd/mol K)
Capacity, )
© (CpAT, | formation (Hrotal, (S°, kd/mol AS=
> kJ/mol) (Hr, kJ/mol) K) Se+Cpln(T/To)-
kJ/mol K)
kd/mol) | H= Hs + CpAT RInxi
Materials in the inlet stream
Zoledronic
] 0.35 22.78 -2032.96 -2010.18 -0.5705 -0.0328
acid(s)
Water (1) 0.08 4.89 -285.83 -280.94 0.0700 0.0851
Materials in the outlet stream
Zoledronic
] 0.35 22.78 -2032.96 -2010.18 -0.5705 -0.0328
acid(s)
Water (1) 0.08 4.89 -285.83 -280.94 0.0700 0.0851

The terms in Equation (C.2) calculated for stirring the raw material and heating up are

represented in Table C.48.
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Table C.49. Exergy and Xgestroyed Calculation of stirring the raw material and heating up

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtot, kd/mol)
Materials in the inlet stream
Zoledronic acid(s) -2000.4027 3593.91 1593.51
Water (1) -306.2888 0.77 -305.52
Materials in the outlet stream
Zoledronic acid(s) -2000.4027 3593.91 1593.51
Water (1) -306.2888 0.77 -305.52

Table C.50. Calculation of Xgestroyed OF Stirring the raw material and heating up

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W,
67554.00
kJ)
Thermal exergy, (kJ
9. () 23370.03
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) o
(Nb)in'(Nb)out
Xdestroyed (k\]) 90924.03

Each term in Equation (C.2) is calculated to find Xagestroyed-



Table C.51. Mass Balance of cooling

Molecular
. Mole
. weight of .
Molecular Weight " ratio of
e
of each element | 12.01 | 1.01 | 16.00 |32.06 |14.01 |35.45|30.97 o the
excipient
(kg/kmol) substance
(MW,
Xi,
kag/kmol)
Materials in the
) C H ¢} S N Cl P
inlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00
Materials in the
C H (¢} S N Cl P
outlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00
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Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.

Table C.52. Thermodynamic props of cooling

Total Entropy
Enthalpy Entropy of
Heat Enthalpy ] change
] Enthalpy, of formation
Capacity, . (Htotal, (AS, kd/mol K)
(CpAT, |formation (S° kJ/mol
(Cp, kJ/mol) AS=
kJ/mol) (Hs, K)
kJ/mol K) H=Hs + S°+CpIn(T/To)-
kJ/mol)
CpAT RInx;
Materials in the inlet stream
Zoledronic
] 0.35 24.54 -2032.96 | -2008.43 -0.5705 -0.0280
acid(s)
Water (1) 0.08 5.27 -285.83 | -280.56 0.0700 0.0861
Materials in the outlet stream
Zoledronic
. 0.35 -8.76 -2032.96 | -2041.72 -0.5705 -0.1327
acid(s)
Water (1) 0.08 -1.88 -285.83 | -287.71 0.0700 0.0636

The terms in Equation (C.2) calculated for cooling are represented in Table C.52.



Table C.53. Exergy and Xqestroyed Calculation of cooling

Physical exergy
(AEph, kJ/mol)

Chemical Exergy
(AEch, kJ/mol)

Total Exergy
(AEtot, kd/mol)

Materials in the inlet stream

Zoledronic acid(s) -2000.0790 3593.91 1593.83

Water (1) -306.2193 0.77 -305.45
Materials in the outlet stream

Zoledronic acid(s) -2002.1869 3593.91 1591.72

Water (1) -306.6721 0.77 -305.90

Table C.54. Calculation

of Xdestroyed OF COOliNg

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W,
33777.00
kJ)
Thermal exergy, (kJ
9y () -2408.01
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) -
(Nb)in'(Nb)out
Xdes[royed (kJ) 3145237

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.55. Mass Balance of stirring

Molecular
) Mole
. weight of .
Molecular Weight " ratio of
e
of each element 12.01 1.01 16.00 |32.06|14.01|35.45|30.97 o the
excipient
(kg/kmol) substance
(MW,
Xi,
kg/kmol)
Materials in the
) C H e} S N Cl P
inlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00
Materials in the
C H (0] S N Cl P
outlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used
to calculate the data.

Table C.56. Thermodynamic props of stirring

Enthal Total Ent h
ntha ntropy change
Heat by Enthalpy | Entropy of by 9
) Enthalpy, of ) (AS, kd/mol K)
Capacity, ) (Htotar, | formation (S°,
(CpAT, | formation AS=
(Co, kJ/mol) kJ/mol K)
kJ/mol) (Hs, S°+CplIn(T/To)-
kJ/mol K) H=Hs +
kJ/mol) RInxi
CpAT

Materials in the inlet stream

Zoledronic
) 0.35 -8.76 -2032.96 | -2041.72 -0.5705 -0.1327
acid(s)
Water (1) 0.08 -1.88 -285.83 -287.71 0.0700 0.0636
Materials in the outlet stream
Zoledronic
] 0.35 -8.76 -2032.96 | -2041.72 -0.5705 -0.1327
acid(s)
Water (1) 0.08 -1.88 -285.83 -287.71 0.0700 0.0636

The terms in Equation (C.2) calculated for stirring are represented in Table C.56.



Table C.57. Exergy and Xgestroyed Calculation of stirring

Physical exergy
(AEph, kJ/mol)

Chemical Exergy
(AEch, kJ/mol)

Total Exergy
(AEtt, kJ/mol)

Materials in the inlet stream

Zoledronic acid(s) -2002.1869 3593.91 1591.72

Water (1) -306.6721 0.77 -305.90
Materials in the outlet stream

Zoledronic acid(s) -2002.1869 3593.91 1591.72

Water (1) -306.6721 0.77 -305.90

Table C.58. Calculation of Xdestroyed Of stirring

Terms used to calculate Xdestroyed
Calculated values, kJ
(kJ)
Mechanical Exergy as Work (W,
33777.00
kJ)
Thermal exergy, (kJ
9y () -2408.01
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) .
(Nb)in'(Nb)out
Xdes[royed (kJ) 3136899

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.59. Mass Balance of filtration

Molecular
. Mole
. weight of .
Molecular Weight " ratio of
e
of eachelement | 12.01 | 1.01 | 16.00 |32.06|14.01|35.45]|30.97 o the
excipient
(kg/kmol) substance
(MW,
Xi,
kag/kmol)
Materials in the
. C H O S N Cl P
inlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.00
Water (1) - 2 1 - - - - 18.02 1.00
Materials in the
C H o S N Cl P
outlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 1.00
Water (1) - 2 1 - - - - 18.02 1.00
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Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.

Table C.60. Thermodynamic props of filtration

Enthal Total Ent h
ntha ntropy change
Heat py Enthalpy | Entropy of by J
) Enthalpy, of . (AS, kd/mol K)
Capacity. . (Htotar, | formation (S°,
(CpAT, | formation AS=
(Cyp, kJ/mol) kJ/mol K)
kJ/mol) (Hs, So+Cpln(T/To)-
kJd/mol K) H=Hs +
kJ/mol) RInxi
CpAT
Materials in the inlet stream
Zoledronic
. 0.35 -8.76 -2032.96 | -2041.72 -0.5705 -0.1327
acid(s)
Water (1) 0.08 -1.88 -285.83 -287.71 0.0700 0.0636
Materials in the outlet stream
Zoledronic
. 0.35 -7.01 -2032.96 | -2039.97 -0.5705 -0.1263
acid(s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.0650

The terms in Equation (C.2) calculated for filtration are represented in Table C.60.



Table C.61. Exergy and Xaestroyed Calculation of filtration

Physical exergy
(AEph, kJ/mol)

Chemical Exergy
(AEch, kJ/mol)

Total Exergy
(AEtt, kd/mol)

Materials in the inlet stream

Zoledronic acid(s) -2002.1869 3593.91 1591.72

Water (1) -306.6721 0.77 -305.90
Materials in the outlet stream

Zoledronic acid(s) -2002.3301 3593.91 1591.58

Water (1) -306.7029 0.77 -305.93

Table C.62. Calculation of Xgestroyed O filtration

Terms used to calculate Xdestroyed

Calculated values, kJ

(kJ)
Mechanical Exergy as Work (W,
8131.50
kJ)
Thermal exergy, (kJ
9. (J) 0.00
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) .
(Nb)in'(Nb)out
Xdestroyed (k-]) 8137.16

Each term in Equation (C.2) is calculated to find Xdestroyed.
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Table C.63. Mass Balance of drying

Molecular Mole
. weight of | ratio of
Molecular Weight
the the
of each element 12.01 1.01 16.00 |32.06|14.01|35.45]|30.97 o
excipient | substance
(kg/kmol)
(MW, Xi,
kg/kmol)
Materials in the
) C H (0] S N Cl P
inlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 27211 0.89
Water (1) - 2 1 - - - - 18.02 0.11
Materials in the
C H (0] S N (¢]] P
outlet stream
Zoledronic acid(s) 5 10 7 - 2 - 2 272.11 0.94
Water (1) - 2 1 - - - - 18.02 0.06
Water (g) - 2 1 - - - - 18.02 1.00

Mass balance on elemental basis and molecular basis were evaluated. Equation (C.1) is used

to calculate the data.

Table C.64. Thermodynamic props of drying

Total

Enthalpy Entropy change
Heat Enthalpy Entropy of
. Enthalpy, of . (AS, kd/mol K)
Capacity, ) (Htotal, formation (S°,
(CpAT, |formation AS=
(Cp, kd/mol kJ/mol) kJ/mol K)
kJ/mol) (Hs, S+CplIn(T/To)-
K) H=Hs +
kJ/mol) RInxi
CoAT
Materials in the inlet stream

Zoledronic

] 0.35 -8.76 -2032.96 | -2041.72 -0.5705 -0.5920

acid(s)
Water (1) 0.08 -1.88 -285.83 -287.71 0.0700 0.2465
Materials in the outlet stream

Zoledronic

] 0.35 -7.01 -2032.96 | -2039.97 -0.5705 -0.5901

acid(s)
Water (1) 0.08 -1.51 -285.83 -287.34 0.0700 0.3002
Water (g) 0.04 -0.72 -241.82 -242.54 0.1888 0.1863

The terms in Equation (C.2) calculated for drying are represented in Table C.64.



Table C.65. Exergy and Xaestroyed Calculation of drying

Physical exergy Chemical Exergy Total Exergy
(AEph, kJ/mol) (AEch, kJ/mol) (AEtot, kd/mol)
Materials in the inlet stream
Zoledronic acid(s) -1865.32 3593.91 1728.59
Water (1) -361.17 0.77 -360.40
Materials in the outlet stream
Zoledronic acid(s) -1864.12 3593.91 1729.79
Water (1) -376.79 0.77 -376.02
Water (g) -298.07 9.34 -288.73

Table C.66. Calculation of Xgestroyed OF drying

Terms used to calculate Xdestroyed
Calculated values, kJ
Mechanical Exergy as Work (W,
360288.00
Thermal exergy, (kJ
ay, (kJ) 0.00
Q(1-(To/T))
Total Exergy flow, (kJ
ay (kJ) g3
(Nb)in'(Nb)out
Xdestroyed (k\]) 360285.17

Each term in Equation (C.2) is calculated to find Xgestroyed-
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Table C.67. Exergy difference, work and heat terms for each stage and Xgestroyed

Total Exergy Mechanical Thermal exergy,
Xdestroyed (k.])
Step No flow, (kJ) Exergy as Work (kJ) Xdestroyed (KJ)
For each stage
(Nb)in-(Nb)out (W, kJ) Q(1-(To/T))

1.1.1 60.620 938.250 1,854.424 2,853.293
11.2 5,891.974 75,060.000 148,353.882 223,668.337 227,460.812
113 1.782 938.250 -0.851 939.181
1.2.1 40.883 1,563.750 2,266.769 3,871.402

6,368.780
122 269.754 938.250 1,289.374 2,497.378
13.1 7.092 2,814.750 -189.035 2,632.808

6,350.952
1.3.2 -784.071 4,691.250 -189.035 3,718.144
14.1 2.750 938.250 -0.368 940.632
142 583.774 625.500 -12.820 1,196.454
143 0.000 11,259.000 -12.820 1,1246.180

16,672.008
1.4.4 -8.080 938.250 -726.897 203.274
145 0.000 11,259.000 -8,722.762 2,536.238
14.6 -76.197 625.500 0.000 549.231
151 12.436 22,518.000 7,790.011 30,320.446
152 0.000 67,554.000 23,370.032 90,924.032
153 83.380 33,777.000 -2,408.013 31,452.366

552,488.166

154 0.000 33,777.000 -2,408.013 31,368.987
155 -5.666 8,131.500 0.000 8,137.164
15.6 -2.828 360,288.000 0.000 360,285.172




Table C.68. Step 1 Synthesis of Zoledronic acid Process Step Details

Step and sub-steps of the process

Step 1.1 Reaction
1.1.1. dissolving of the reactants
1.1.2. reaction after addition of PCl3
1.1.3. cooling of the reaction products

Step 1.2 Filtration
1.2.1. Addition absorbent and water
1.2.2. Filtration of absorbent

Step 1.3 pH adjustment a temperature lower than 0 °C
1.3.1. Cooling
1.3.2. NaOH addition

Step 1.4 Precipitation
1.4.1. Heating to room temperature
1.4.2. Addition of ethanol
1.4.3. Stirring
1.4.4. Cooling to a temperature lower than 0 °C

1.4.5. Filtration and collecting of the product

Step 1.5 Product recovery
1.5.1. Addition of raw material
1.5.2. Stirring the raw material and heating up
1.5.3. Cooling
1.5.4. Stirring
1.5.5. Filtration
1.5.6. Drying
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Table C.72. Chemical properties of substances
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Standard
Enthalpy of . Exergy of )

. ; Gibbs Enery . Heat Capacity molar

Material formation species

(AG, kd/mol) (Cp, kd/mol K) Entropy
(AHy, kd/mol) (AE, KJ/mol)
(AS°, kJ/mol K)
Methane sulphonic acid(l) -566.200 -527.30 968.16 0.190 -0.737
Imidazole 1yl Ac. Ac.
-536.300 -203.10 2741.20 0.217 -2.101
HCI(s)
Phosphorous acid (s) -965.525 -857.46 364.07 0.103 -0.164
Zoledronic Acid -2032.960 -1375.30 3593.91 0.351 -0.571
Phosphorous trichloride
0 -319.700 -272.30 775.15 0.120 0.516
Phosphorous trichloride
-287.000 -267.80 779.65 0.072 0.422
(9)

Hydrochloric acid (g) -92.300 -95.33 84.73 0.036 0.187
Water (g) -241.820 -228.57 9.34 0.036 0.189
Water (1) -285.830 -237.13 0.77 0.075 0.070
Sodium hydroxide (1) -425.610 -379.49 77.43 0.060 0.065
Ethanol (1) -277.690 -174.78 1356.01 0.112 0.161
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APPENDIX D: DETAILS (ADAPTED FROM THE EXCEL SHEETS) OF THE

PROCESS CALCULATIONS FOR FINISHED DOSAGE FORM

Table D.1. Thermodynamic props of dissolving of reactants

Total
Enthalpy Entropy of
Heat Enthalpy ] Entropy change
. Enthalpy, of formation
Capacity, ) (Htotal, (AS, kd/mol K)
(CpAT, | formation (S° kJd/mol
(Cp, kJ/mol) AS=S°+CpIn(T/To)-
kJ/mol) (Hs, K)
kJ/mol K) H=Hs + RlInyi
kJ/mol)
CpAT
Materials in the inlet stream
Mannitol 0.2390 0.00 -1337.5 -1337.5 0.2385 0.6657
Water 0.0753 0.00 -285.83 -285.83 0.0700 0.1404
ZA 0.3505 0.00 -2032.96 -2032.96 -0.5705 -0.5705
Sodium
] 0.3657 0.00 -2269.64 -2269.64 0.4291 0.4291
citrate
Materials in the outlet stream
Mannitol 0.2390 0.00 -1337.5 -1337.5 0.2385 0.6743
Water 0.0753 0.00 -285.83 -285.83 0.0700 0.0704
ZA 0.3505 0.00 -2032.96 -2032.96 -0.5705 0.4593
Sodium
. 0.3657 0.00 -2269.64 -2269.64 0.4291 1.2874
citrate

Table D.2. Exergy and Xgestroyed Calculation of dissolving of reactants

Physical exergy
(AEph, kd/mol)

Chemical Exergy
(AEch, kJ/mol)

Materials in the inlet stream

Mannitol -1535.8722 3183.51
Water -306.8095 0.77

ZA -1862.9382 3593.91

Sodium citrate -2397.5118 2170.95
Water -306.6751 0.77

Materials in the outlet stream

Mannitol -1538.4337 3183.51
Water -306.7964 0.77

ZA -2169.8363 3593.91

Sodium citrate -2653.2966 2170.95
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Table D.3. Calculation of Xgestroyed Of dissolving of reactants

Terms used to calculate
Calculated values, kJ
Xdestroyed (kJ)
Mechanical Exergy as
9,000.00
Work (W, kJ)
Thermal exergy, (kJ
9. () 0.00
Q(1-(To/T))
Total Exergy flow, (kJ
ay (KJ) 119
(Nb)in‘(Nb)out
Xdestroyed (kJ) 9,00119

Table D.4. Thermodynamic props of filtering

Total
Enthalpy
Heat Enthalpy Entropy of Entropy change
d Enthalpy, of -
Capacity, ) (Hrotal, formation (S°, (AS, kd/mol K)
(CpAT, | formation
(Cp, kd/mol kJ/mol) kJ/mol K) AS=S°+CpIn(T/To)-
kJ/mol) (Hs,
K) H=H:+ RInyi
kJ/mol)
CpAT
Materials in the inlet stream
Mannitol 0.2390 0.00 -1337.5 -1337.5 0.2385 0.6743
Water 0.0753 0.00 -285.83 -285.83 0.0700 0.0704
ZA 0.3505 0.00 -2032.96 | -2032.96 -0.5705 0.4593
Sodium
. 0.3657 0.00 -2269.64 | -2269.64 0.4291 1.2874
citrate

Materials in the outlet stream

Mannitol 0.2390 0.00 -1337.5 -1337.5 0.2385 0.6743
Water 0.0753 0.00 -285.83 -285.83 0.0700 0.0704
ZA 0.3505 0.00 -2032.96 | -2032.96 -0.5705 0.4593
Sodium
] 0.3657 0.00 -2269.64 | -2269.64 0.4291 1.2874
citrate

S(N: [ef" + (R + cpi(T = To) = To |5 + cpilng = Rulnxi|)in - Z(V; [ef" + (hd, +

epi(T = To) = To [s? + cpitn - = Rulnai|) Pout Q (1= ) = W = Xaestroyea

(D.1)



Table D.5. Exergy and Xdestroyed Calculation of filtering

Physical exergy
(AEph, kJ/mol)

Chemical Exergy
(AEch, kJ/mol)

Materials in the inlet stream
Mannitol -1538.4337 3183.51
Water -306.7964 0.77
ZA -2169.8363 3593.91
Sodium citrate -2653.2966 2170.95
Materials in the outlet stream
Mannitol -1538.4337 3183.51
Water -306.7964 0.77
ZA -2169.8363 3593.91
Sodium citrate -2653.2966 2170.95

Table D.6. Calculation of Xgestroyed Of filtering

Terms used to calculate

Xdestroyed (kJ)

Calculated values, kJ

Mechanical Exergy as Work

1,890.00
(W, kJ)
Thermal exergy, (kJ
9. (kJ) 0.00
Q(1-(To/T))
Filter used,( kJ) 3,878.10
Total Exergy flow, (kJ
ay (kJ) 0.00
(Nb)in'(Nb)out
Xdestroyed (k\]) 5,768.10
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Each term in Equation (D.2) is calculated to find Xgestroyed. Additional materials used during

filtration is added to the calculations as part of work. Filter material production energy and

production energy of filter is considered.



Table D.7. Thermodynamic props of sterilization and filling

Enthalpy Entropy of
Heat ) Entropy change
. Enthalpy, of Total Enthalpy | formation
Capacity, ) (AS, ki/mol K)
(CpAT, | formation | (Htotal, kJ/mol) | (S° kd/mol
(Cy, AS=S+CpIn(T/To)-
kJ/mol) (Hs, H=Ht + CoAT K)
kd/mol K) Rinyi
kJ/mol)
Materials in the inlet stream
Mannitol 0.2390 0.00 -1337.5 -1337.5 0.2385 0.6743
Water 0.0753 0.00 -285.83 -285.83 0.0700 0.0704
ZA 0.3505 0.00 -2032.96 -2032.96 -0.5705 0.4593
Sodium citrate 0.3657 0.00 -2269.64 -2269.64 0.4291 1.2874
Materials in the outlet stream
Mannitol 0.2390 0.00 -1337.5 -1337.5 0.2385 0.6743
Water 0.0753 0.00 -285.83 -285.83 0.0700 0.0704
ZA 0.3505 0.00 -2032.96 -2032.96 -0.5705 0.4593
Sodium citrate 0.3657 0.00 -2269.64 -2269.64 0.4291 1.2874

Table D.8. Exergy and Xgestroyed Calculation of sterilization and filling

Physical exergy
(AEph, kd/mol)

Chemical Exergy
(AEch, kd/mol)

Materials in the inlet stream
Mannitol -1538.4337 3183.51
Water -306.7964 0.77
ZA -2169.8363 3593.91
Sodium citrate -2653.2966 2170.95
Materials in the outlet stream
Mannitol -1538.4337 3183.51
Water -306.7964 0.77
ZA -2169.8363 3593.91
Sodium citrate -2653.2966 2170.95
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Table D.9. Calculation of Xgestroyed Of sterilization and filling

Terms used to calculate Xgestroyed (KJ) Calculated values, kJ
Mechanical Exergy as Work (W, kJ) 1,156.752
Packaging Materials, as Work (W, kJ)
Bottles and stoppers 1,148.193
Thermal exergy, (kJ) 0
Q(1-(To/T))
Total Exergy flow, (kJ) 0
(NDb)in-(Nb)out
Kdestroyed (KJ) 8,904.945

Each term in Equation (D.1) is calculated to find Xgestroyed. Additional materials used during
filtration is added to the calculations as part of work. Bottle and stopper material production
energy and production energy of each material are considered in the calculations. (See Table

B.8)
Table D.10. Calculation of Xgestroyed Of Capping

Terms used to calculate Xgestroyed (KJ) Calculated values, kJ
Mechanical Exergy as Work (W, kJ) 225.216
Packaging Materials, as Work (W, kJ)
3285.540
caps
Thermal exergy, (kJ
0. (k) 0.000
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) 0.000
(Nb)in‘(Nb)out
Xdestroyed (k\]) 4225.694

Each term in Equation (D.2) is calculated to find Xgestroyed. Additional materials used during
filtration is added to the calculations as part of work. Cap material and production energy
are considered in the calculations (See Table B.6). Capping operation is added to the

mechanical exergy term. (See Table B.8).



Table D.11. Calculation of Xgestroyed OF secondary packaging

Terms used to calculate Xgestroyed (KJ)

Calculated values, kJ

Mechanical Exergy as Work (W, kJ) 118.080
Packaging Materials, as Work (W, kJ)
3,167.445
labels, leaflets, carton boxes
Thermal exergy, (kJ
9y, (k) 0.000
Q(1-(To/T))
Total Exergy flow, (kJ
v (k) 0.000
(Nb)in'(Nb)out
Xdestroyed (kJ) 3,285526
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Mechanical term includes, pump work, mixer work, HVAC system and machine operations.

Mechanical Exergy for secondary packaging includes, HVAC work D class during the

operation time. Each material used during packaging are considered, as their material and

production energy (Table B.6).



